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1.1 Rationale
Carbonate rocks form major hydrocarbon reservoirs worldwide, e.g. Cepu ﬁeld in
Indonesia (350 million barrels), Ghawar ﬁeld in Saudi Arabia (70 billion barrels)
and Asmari ﬁeld in Iran (1 billion barrels). On a global scale, more than 60 % of oil
and 40 % of gas reserves are estimated to be contained within the carbonate rocks.
Despite the vast potential, the contribution from the carbonate reservoirs accounts
for 40-50 % of the global hydrocarbon productions (Mazzullo, 2004), where only ~40
% of worldwide giant ﬁelds are associated with carbonate rocks (Klett and Schmoker,
2003). Such statistics clearly reﬂect the future interest in exploration, as worldwide
production from the existing ﬁelds is declining (e.g. Dutton et al., 2003; Adjukiewicz
and Lander, 2010).
Despite the exploration potential, extracting hydrocarbons from carbonate reser-
voirs has proved to be challenging due to the heterogeneity in geological properties of
carbonate rocks. The challenge is particularly evident from the low recovery factor
that reaches only 30~40 % of the original oil in-place (e.g. Mancini et al., 2004). The
heterogeneity in carbonate reservoirs covers the entire spectrum of diﬀerent scales.
At the multi-km scale, the whole carbonate platform system comprises several ﬁrst
order sedimentological domains with very diﬀerent materials and bedding arrange-
ments, i.e. the platform interior, the margin and the slope (Read, 1985) (Figure
1.1). More detailed studies reveal even larger variability observed down to bedding
scale, i.e. facies types and distributions (e.g. Harris, 1993; Van der Kooĳ, 2009;
Amour et al., 2011; Christ et al., 2012). Such variations are also reﬂected from the
complex pore throats’ geometry and heterogeneous matrix porosity and permeabil-
ity distributions, very diﬀerent from the clastic reservoirs (Etris et al., 1988; Saller
and Dickson, 2011). Physical properties of the carbonate grains also indicate a
complex wettability behavior that limits the oil extraction from the reservoirs (Leg-
ens et al., 1998; Esfahani and Haghighi, 2004). In addition, fractures are common
due to the brittle deformation behavior of carbonate rocks, and impact hydrocarbon
production, i.e. ﬂuid ﬂow behavior (e.g. Philip et al., 2005; Popov et al., 2009).
Indeed, many studies have reported technical problems that have been largely
attributed to the heterogeneity in carbonate rocks. For example, reservoir com-
partmentalization related to heterogeneous diagenesis is commonly observed and
clearly limiting the hydrocarbon production (e.g. Richard et al., 2007; Tavakoli et al.,
2011). Early water-breakthrough in production wells has been reported due to an
unidentiﬁed interconnected fracture network (e.g. Webb et al., 1995; Namba and
Hiraoka, 1995; Al-Sharji et al., 2008). Apart from their natural complexity, sub-
surface reservoirs (clastics and carbonates) are also faced with limited observation
and inadequate reservoir characterization. Currently, seismic imaging technology
is still not able to resolve the detailed distribution of meter-scale geologic bodies
and fractures while well bore data such as cores and logs are representative only
for small portions of the reservoir (Figure 1.1a).
To cope with the problems in geological uncertainties, many subsurface reservoir
characterizations have generated knowledge from outcropping reservoir analogues
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Figure 1.1: Subsurface seismic expression of a carbonate reservoir in Malampaya ﬁeld (Philip-
pines) with well data (yellow lines) (a) and the interpretation of its depositional environments
(b) (redrawn from Neushaus et al., 2004; Grötsch and Mercadier, 1999).
(e.g. Yose et al., 2001; Frost and Kerans, 2009; Kurtzman et al., 2009). The excellent
visibility and accessibility of the outcrops make it possible to observe, characterize
and quantify various parameters that are similar to those in the subsurface (Figure
1.2). This includes, but is not limited to, petrophysical measurements, facies types
and distribution, stratiﬁcation architectures, fracture patterns and distributions
(e.g. Verwer, 2008; Storti et al., 2011). The application of the information gathered
from the outcrop is, however, not straightforward. Outcrops generally have expe-
rienced completely diﬀerent geologic processes, e.g. exhumation and weathering,
than those in the subsurface. For this, the overall results from the outcrop ob-
servations need to be segregated, to extract only the fundamental information that
controls the geological heterogeneity, i.e. facies distribution, fracture patterns, etc.
1.2 Scope of the Thesis
As described earlier, fractures are common in carbonate reservoirs and their pres-
ence clearly impact the reservoir quality (e.g. Gudmundsson et al., 2001; Yose et al.,
2001). Estimating fracture distributions and geometry in the subsurface, however,
is technically challenging. In addition, the heterogeneity in carbonate sedimentology
reﬂects the non-homogeneous mechanical behaviors which will further complicate
the distributions and the characteristics of fractures.
Faced by limited access and ability to observe details in subsurface geology, this
thesis explores a new workﬂow in predicting fracture patterns and distributions in
the subsurface by integrating several diﬀerent techniques (Figure 1.3). The general
discussions are based on an outcropping subsurface analogue where fracture pat-
terns have been quantiﬁed and linked to various geologic parameters. In contrast to
previous outcrop-based fracture studies (e.g. Hanks et al., 1997; Ortega et al., 2010;
Storti et al., 2011), this thesis discusses the characteristics and the distributions
of fractures developed in a km-scale carbonate platform, characterized by heteroge-
neous materials. Numerical modeling in geomechanics has then been integrated to
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fully constrain the stress and strain distributions inside the platform. The numer-
ical analysis enables a more detailed investigation on the roles of diﬀerent stress
loadings and mechanical properties during fracturing. Results from both analyses
are then combined to provide insights on the roles of various geologic parameters,
such as bedding and stacking patterns, lithology, stresses, and mechanical prop-
erties, in controlling the fracture patterns and distributions inside the carbonate
platform. The impacts on ﬂuid ﬂow have then been investigated through systematic
fracture modeling, and ﬂuid ﬂow simulations.
The overall geometry of carbonate platforms generally vary, aﬀected by various
processes during the deposition, i.e. depositional environment, tectonic, climate,
etc. A general distinction of platform geometry is evident by considering the ar-
rangement of its ﬁrst order sedimentological domains, i.e. platform interior, margin
and slope (Wilson, 1975; Read, 1985; Wright and Burchette, 1996). The analyses in
this thesis mainly focuses on geological phenomena associated with an isolated car-
bonate platform setting. In contrast to carbonate ramps and rimmed margins, the
isolated carbonate platforms typically develop in an open marine setting, detached
from the mainland, and are characterized by a distinctive overall 3D geometry. In
addition, the slope sediments of isolated carbonate platforms are steeply dipping,
distinct from the horizontal stratiﬁcations in the platform interior (e.g. Bosellini,
1984; Kenter, 1990). Due to the high variability in carbonate sedimentology, the
mechanical properties of an isolated carbonate platform are expected to be hetero-
geneous and aﬀect the characteristics of fractures. Therefore, predicting fracture
patterns and distribution in the subsurface carbonate reservoirs is very challenging.
The Triassic Latemar platform (Dolomites - N Italy) is one of the best outcropping
isolated carbonate platforms where erosion has resulted in excellent exposure. In
contrast to many of the adjacent carbonate platforms, the Latemar escaped regional-
Figure 1.2: Photo of outcropping carbonate rocks in the Latemar Mountain (N Italy), showing
details of bedding architecture, lithologies and fracture distributions in diﬀerent depositional
environments, i.e. slope and platform interior.
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Figure 1.3: Outline of the thesis based on the integrated approach adopted for the research.
scale dolomitizations. Numereous studies focusing on the sedimentology of the
platform clearly provide excellent constraints for the fracture study in this thesis
(e.g. Goldhammer and Harris, 1989; Harris, 1994; Preto et al., 2011). In addition,
the Dolomites region is relatively unaﬀected by Tertiary Alpine deformation (e.g.
Doglioni, 1987) which enables an analysis of subsidence-related fracturing, similar
to the present-day subsurface reservoirs. Observations from the Latemar platform
will provide insights to the subsurface condition for reservoirs with a similar setting.
1.3 Thesis outline
The structure of the thesis is organized as follows (Figure 1.3);
In Chapter 2, the geology of the Latemar platform is presented to provide the
background information of the study area. The fracture study makes use of an im-
proved data acquisition technique that integrates diﬀerent geological information in
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one database and allows for a 2D description of fracture distribution. Through var-
ious statistical analyses, the characteristics of the fracture network in the Latemar
platform are then quantiﬁed to investigate the impacts of diﬀerent geological pa-
rameters on fracture patterns.
In Chapter 3, outcrop modeling with LiDAR (light detection and ranging) tech-
nology is used to investigate large-scale, more than tens of meters, structural fea-
tures in the Latemar platform. Interpretations of sedimentological features are also
included to provide a framework for the structural analysis. Here, detail stratiﬁ-
cation patterns inside diﬀerent sedimentological domains have been constructed.
The interpretations also focus on fracture corridors to investigate their geometric
characteristics and distributions, and their relationships to diﬀerent deformation
phases.
In Chapter 4, a simple 3D representation of the architecture and facies dis-
tribution of a carbonate platform has been constructed based on the present-day
geometry of the Latemar platform. Using a ﬁnite element method (FEM), the 3D
model is used as the basis in conducting numerical analyses in geomechanics.
Here, the roles of external stresses and material properties on the platform-scale
fracturing are explored. The results are then compared with the ﬁeld observations
from Chapter 2 and 3, to infer the mechanical compositions and stress loads during
fracturing in the Latemar platform.
In Chapter 5, knowledge from fracture characterization in Chapter 2 is then
used to develop a systematic workﬂow in fracture modeling and eﬀective hydraulic
property calculations. A series of dual porosity simulations were conducted to
investigate distinct patterns of ﬂow behavior associated with ﬁrst-order domains
and fracture network characteristics on the Latemar platform.
In Chapter 6, ﬁndings from each chapter are summarized, and the general con-
clusions are drawn for platform-scale fracturing and its impact on ﬂuid ﬂow. Sev-
eral future research directions are also discussed to further expand the integrated
workﬂow in this thesis.
2
The characteristics of distributed fractures in the
Latemar Platform (Dolomites, N Italy)
Largely based on: Boro, H., Bertotti, G., Hardebol, N.J., 2012. Distributed fractur-
ing aﬀecting isolated carbonate platforms: the Latemar Platform natural laboratory
(Dolomites, N Italy). Marine and Petroleum Geology.
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2.1 Introduction
Fluid ﬂow in subsurface carbonate reservoirs can be strongly inﬂuenced by the pres-
ence of fractures (Gauthier et al., 2000; De Keĳzer et al., 2007; Casabianca et al.,
2007). More speciﬁcally, opening mode fractures commonly accommodate only mi-
nor strain (e.g. Hooker et al., 2009), but are typically numerous and distributed over
large volumes. The impact they have on permeability and other physical properties
of reservoir-scale rock bodies depends to a large extent on the geometric charac-
teristics of individual fractures and their 3D spatial arrangement (Gudmundsson
et al., 2001; Philip et al., 2005; Baron et al., 2008; Dockrill and Shipton, 2010).
The ability to predict fracture networks in the subsurface and, thereby, to deﬁne
the impact they have on permeability and other key parameters is limited by (i) the
sub-seismic dimensions of most fractures and (ii) restricted visibility in wellbore
images or cores. Fracture prediction is particularly challenging in laterally hetero-
geneous bodies such as isolated carbonate platforms where domains with diﬀerent
sedimentological and mechanical properties are laterally juxtaposed. In such sys-
tems, the directions and magnitudes of principal stresses inside the platform can
deviate signiﬁcantly from the regional stress ﬁeld associated with the overburden
and tectonic stresses. As a result, fracture characteristics change signiﬁcantly from
one sedimentological domain to the other. In addition, early and late diagenetic
processes are likely to impose changes in mechanical properties and, therefore, in
fracture characteristics through time (e.g. Ortega et al., 2010).
A meaningful prediction of fracture patterns in the subsurface should result from
the determination of (i) the orientation of and magnitude of principal stresses, (ii)
the volume experiencing failure and, (iii) the 3D geometries of fractures and fracture
networks. The ﬁrst two issues can be predicted by numerical modeling experiments
constrained by speciﬁc parameters of the buried reservoir (e.g. Beekman et al.,
2000). The issue of fracture architecture, on the contrary, can be addressed by
combining the limited in-situ information which can be obtained from core or image-
logs with data derived from detailed analysis of outcropping analogs.
Many fracture studies have been performed on outcropping sedimentary succes-
sions (e.g. Corbett et al., 1987; Hanks et al., 1997; Pascal et al., 1997; Eyssautier-
Chuine et al., 2002; Di Naccio et al., 2005; Billi, 2005; Wennberg et al., 2006; Storti
et al., 2011). However, the great majority of such works only report on fracture den-
sities along selected scanlines. Information on fracture height, length and spatial
relations within fractures and between fractures and bedding are rarely presented
(e.g. Underwood et al., 2003). In addition, most studies focus on small and/or geo-
logically homogeneous bodies (see however Cozzi, 2000; Koša and Hunt, 2006; Frost
and Kerans, 2009, 2010, for notable exceptions). Some of these shortcomings are
caused by the limitations inherent to the use of traditional acquisition tools such
as the classical scanline method (e.g. Bertotti et al., 2007).
In this study, we present the results and interpretations of our work on the
fracture populations developed in the km-scale isolated Latemar carbonate platform
which is one of the best Middle Triassic platforms outcropping in the Dolomites
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Figure 2.1: a) regional geology of Eastern and Southern Alps (simpliﬁed from Schmid
et al., 2004), thick-box indicates the location of the Dolomites and of Figure 2.2, the
A-B line indicates the location of cross-section in Figure 2.1b, b) regional geological
section of Southern Alps (simpliﬁed from Doglioni, 2007), c) the stratigraphic scheme
of the Dolomites (redrawn from Bosellini et al., 2003).
of N Italy (Figure 2.1). We have conducted our study using DigiFract (Hardebol
et al., accepted), a software package that makes it possible to acquire objectively
and eﬃciently a large body of fracture data, and process them to obtain relevant
geological information. Our Latemar database consists of measurements of the
position, height and spacing of 1542 fractures and of their spatial relation with
bedding interfaces distributed over 33 outcrops (Table 2.1). We have acquired data
from the platform interior, margin and slope resulting in a data set which is, to
our knowledge, unprecedented. We use the data set to capture changes in fracture
network geometry across the various domains of the platform and through time.
The resulting analysis has then been used to speculate on the sedimentology-driven
mechanical changes in the platform during its subsidence to the maximum burial
depth and, less importantly, during its exhumation to the surface. It is not our
primary goal to infer large-scale regional tectonic conclusions for which we refer to
the exhaustive study of Preto et al. (2011) and references therein.
2.2 The Latemar platform
2.2.1 Regional setting
The Latemar platform is situated in the Dolomites of Northern Italy (Figure 2.1a)
which is part of the Southern Alps, a northern segment of the Mesozoic Adriatic
(African) plate that was involved in predominantly southward thrusting during the
Alpine collision between Africa and Europe (e.g. Doglioni, 1987). The overall struc-
ture of the Dolomites is that of a large scale pop-up, exhumed and uplifted along
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Table 2.1: List of outcrops.
the SSE-vergent Valsugana line and the transpressive Pusteria line during Tertiary
Alpine shortening (Figure 2.1b) (Doglioni, 1987; Castellarin et al., 2006). Despite
its allochtonous character, the Latemar platform does not show major Alpine defor-
mation: the primary position of sedimentary bodies is essentially preserved, with
most boundaries between ﬁrst order platform domains still displaying their original
geometry and Alpine faults are minor (e.g. Preto et al., 2011).
In the Dolomites, the sedimentary succession (Figure 2.1c) covering the Her-
cynian metamorphic basement comprises Permian continental to marine deposits
overlain by an Anisian system of carbonate platforms and ramps (Bosellini et al.,
2003). Between Late Anisian and Late Ladinian times (Middle Triassic), a series of
isolated carbonate platforms formed, separated by basinal areas where deep water
carbonates and cherts were deposited. The Latemar is one of these platforms. In
the Late Ladinian, a magmatic event occurred, producing dikes and other volcanic
bodies south of the Latemar (Predazzo) (Figure 2.2) and large volumes of megabrec-
cias (Marmolada) (Bosellini, 1989). Predazzo magmatism was mainly of monzonitic
composition (Visona, 1997) and is dated at 232-238 Ma (Laurenzi and Visona, 1996;
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Figure 2.2: Schematic map of the
Predazzo intrusion and orientations
of volcanic dikes derived from litera-
ture, see rose diagram (simpliﬁed from
Bosellini, 1989). Thick-box indicates the
location of the Latemar platform.
Mundil et al., 1996). Dikes in the region show two preferred orientations, NNW-SSE
and ENE-WSW suggesting that the causative stress ﬁeld had a regional origin and
was not dominated by the eﬀects of the Predazzo intrusion.
Following the waning of volcanic activity, carbonate deposition was re-established
and continued up to Jurassic times with the interruption of a terrigenous episode in
the Carnian. Ongoing subsidence was related to extensional tectonics leading to the
formation of the South Alpine passive continental margin (e.g. Bertotti et al., 1993;
Schmid et al., 1996; Fantoni et al., 2004). Post-Triassic sediments are rare in the
Dolomites and, therefore, the maximum burial depth reached by the Latemar and
similar platforms prior to Alpine exhumation is poorly constrained. Extrapolating
data from more easterly regions, we adopt a value of ca. 2 km (Rantitsch, 1997;
Emmerich et al., 2005b).
2.2.2 The Latemar platform
2.2.2.1 General features
The Latemar platform crops out in a 3x5 km region between the Ega (Eggental) and
Adige valleys in NE Italy. The topography of the area is characterized by a semicircle
of high peaks reaching maximum altitude of 2848 m and forming an amphitheater
that opens towards the ESE (Figure 2.3a). The high peaks expose substantial
parts of the platform interior, of the slope and remnants of the intervening margin.
Towards the ESE, erosion has removed the entire southeast part of the ediﬁce,
exposing the deeper sectors of the platform interior that include a large dolomitic
body and diﬀerent volcanic units such as volcanic centers and phreato-magmatic
breccias. Towards the N and W the quality of the outcrops degrades signiﬁcantly
and lower slope sediments with their transition to the basin deposits are poorly
exposed in steep valleys and gorges. Further to the SE, outside the area of interest,
Lower Triassic clastics and the Hercynian basement are exposed.
Until recently, the overall architecture of the Latemar platform was considered
to be similar to that of other Dolomites platforms such as the Rosengarten and the
Sella, characterized by strong reefal margins protecting a more quiet platform inte-
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Figure 2.3: a) schematic map of
the Latemar platform, b) and c) are
rose-diagrams of volcanic dikes and
Neptunian dikes respectively. Note
that the neptunian dikes are mainly
measured along the western mar-
gin of the Latemar platform (Reiter-
jochspitze and Cima del Forcelone).
rior (Gaetani et al., 1981; Bosellini, 1984; Goldhammer and Harris, 1989; Egenhoﬀ
et al., 1999; Peterhansel and Egenhoﬀ, 2008). Recent works have documented a
diﬀerent architecture, characterized by a narrow and discontinuous margin and by
the presence of huge blocks of platform interior within the slope (e.g. in the western
slope of Reiterjochspitze) associated either with gravitational collapse (Emmerich
et al., 2005a; Seeling et al., 2005) or with normal faulting (Preto et al., 2011).
The Latemar platform is traversed by a large number of volcanic dikes striking
NNW-SSE (Figure 2.3b). Neptunian dikes are also common, especially on the up-
per slope and on the parts of the platform interior close to the margins, and strike
NNW-SSE (Figure 2.3c). The Neptunian dikes are typically reddish with wackestone
to packstones texture and rich in lithoclasts, bioclasts (foraminifers) and peloidal
grains (Emmerich et al., 2005a). The Latemar platform is cut by a few strike-slip
and normal faults generally oriented NNW-SSE (Figure 2.3a). These faults typically
reactivate pre-existing planes as shown by the presence of striations (slickensides)
on some joint surfaces and on surfaces bounding volcanic dikes. With the partial
exception of a few, weakly constrained cases such as the Schenon fault, displace-
ments are on the order of tens of meters.
2.2.2.2 The sedimentological architecture of the Latemar
For structural analysis, we subdivided the Latemar platform into three ﬁrst-order
domains, the platform interior, the margin and the slope. The platform interior
(Figure 2.4a) is well exposed and has been the object of a large number of stud-
ies dedicated to its sedimentology and, more speciﬁcally, to the factors controlling
the remarkable cyclicity of its layers (e.g. Goldhammer et al., 1987; Mundil et al.,
2003; Zühlke et al., 2003; Preto et al., 2004). The platform interior mainly includes
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Figure 2.4: Photo panel of main sedimentological domains in the Latemar platform:
a) platform interior at Cimon Latemar, b) platform margin (reef) southeast of Reiter-
jochspitze, c) the slope at Cresta de Peniola, d) basin sediments in the west of Cima
di Valsorda.
well-stratiﬁed lagoonal facies with lithologies ranging from mudstone to grainstone,
organized in shallowing upward sequences. The vertical continuity of these cycles
is interrupted by three levels rich in tepee structures associated with episodes of re-
gional sea-level drop (Goldhammer et al., 1993; Egenhoﬀ et al., 1999). The present
day thickness of the entire platform interior succession is 720 m (Egenhoﬀ et al.,
1999).
The platform margin is exposed only in a few areas of the Latemar, typically with
small, less than ~20 m wide outcrops. Well developed, spatially limited platform
margin facies (Figure 2.4b) can be observed in the east around Cima Feudo and, in
the west, close to Cima de Valsorda and to the Reiterjochspitze. The platformmargin
comprises mainly reefal boundstones with extensive microbial crusts and marine
cements (Goldhammer and Harris, 1989; Harris, 1993; Emmerich et al., 2005a;
Marangon et al., 2011). The reefal facies is massive, and bedding is poorly developed
to nearly absent. The slope of the Latemar platform (Figure 2.4c) is characterized
by massive and steeply dipping (30-40°) foreslope strata. Similar to other steep
platforms, the slope sediments include coarse and matrix-poor materials derived
from the platform margin or platform interior (Kenter, 1990; Kenter and Campbell,
1991). The grain size of the clasts increases down-slope underlining the importance
of gravity-driven transport mechanisms (Harris, 1994). As previously mentioned,
large blocks of platform interior, several tens of meters across, are exposed in the
slope (Emmerich et al., 2005a; Seeling et al., 2005).
The lateral, deep water equivalent of the Latemar platform is the Buchenstein
or Livinallongo Formation (Figure 2.4d). It comprises material derived from the car-
bonate platforms with nodular-cherty limestone and volcano-clastic deposits (Brack
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and Muttoni, 2000). Deeper water sediments are observed in the western part of the
Latemar where turbidites inter-ﬁnger with the massive slope facies (Harris, 1994).
2.3 Fracture Analysis
2.3.1 Methodology
Fracture data were acquired using DigiFract 1.0 (Hardebol et al., accepted), which is
a development of the prototype described in Bertotti et al. (2007). DigiFract 1.0 com-
prises an acquisition and a processing component designed with the general aim
of acquiring fracture data such as position, orientation and height in an eﬃcient
and objective manner with a particular focus on vertical outcrops. This method is
diﬀerent from remote sensing, as each individual fracture and its attributes are ac-
quired and measured in the outcrop. In contrast to the traditional scanline method,
DigiFract does not require the deﬁnition of a particular scanline location during ac-
quisition and enabling a much faster collection of a complete data set. Storage
in a Database Management system (see below) enables fast and ﬂexible query of
data across diﬀerent outcrops. In addition, DigiFract can easily integrate diﬀerent
data sets while capturing complete descriptions of fracture distribution in 2D and
automatic statistical calculations.
2.3.1.1 Acquisition
In the DigiFract protocol, an outcrop photo taken with a conventional camera (Fig-
ure 2.5a) is loaded in a Tablet PC and geo-referenced within a GIS application to
maintain its spatial information (Figure 2.5b). During data acquisition in the ﬁeld,
an operator (geologist) measures the orientation of each individual fracture and ob-
serves the nature and position of each exposed fracture with particular attention
to its relation with bedding surfaces. The information is passed to the second op-
erator who digitizes the fracture trace while incorporating its orientation and other
attributes (Figure 2.5c). In the few cases where fractures were not directly accessi-
ble, typically < 5 % of the total fractures in each outcrop for this study, the same
orientation of neighboring fractures was assigned. Each fracture is characterized
by a speciﬁc identiﬁer which makes it recognizable through the entire process. The
resolution of DigiFract is scale-dependent. On typical outcrop scale measurements,
up to several meters, we adopt a low-end cut-oﬀ of 5 cm for bed thicknesses and
fracture heights.
Other geologic observations are also stored inside DigiFract, including the stratig-
raphy of the outcrop, the position of bedding surfaces, location of sampling point
and of physical measurements (e.g. Schmidt hammer). In addition, a polygon is
drawn on the screen to deﬁne the part of the outcrop containing relevant informa-
tion. All data from the same outcrop, e.g. fractures, stratigraphy etc, are stored in
the same Data Base Management System (Figure 2.5d). Acquisition is then repeated
for other outcrops in the region of interest to capture fracture-related information
from all sedimentological and structural domains. All results from the diﬀerent
outcrops are then stored in the same data base.
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Figure 2.5: DigiFract acquisition workﬂow: a) step 1 – a photo of the outcrop is taken,
b) step 2 – outcrop image is imported in the GIS application (note the person for scale),
c) step 3 – fractures are traced on the screen and associated with measured attributes,
d) step 4 – information is stored in the digital database.
2.3.1.2 Processing
During processing, a cursor line parallel to the sedimentary beds scans the digital
outcrop moving in a direction perpendicular to the strata (Figure 2.6a). At each
position, the cursor line measures the lateral width of the outcrop and determines
the position of all intersections with fractures. The cursor line moves across the
outcrop in small steps, typically 1-2 cm thereby generating high resolution plots of
fracture density (number of fractures per unit length) and spacing distances across
the outcrop inclusive of all relevant statistics (Figure 2.6b, c). The resulting pattern
provides a clean and assumption-free description of the fracture stratigraphy of the
outcrop as appropriately deﬁned by Laubach et al. (2009). In addition to fracture
density curves, DigiFract stores and reports fracture heights and directions and,
when applied to horizontal outcrops, fracture lengths. As each fracture is charac-
terized by an identiﬁer, the analysis can also be performed on sub-sets of the data
gathered in the outcrop, for instance, fractures with a speciﬁc strike direction or
of a given height. Raw data and processing results from all outcrops of a given re-
gion are stored in the same Database Management system allowing for easy access
through data query to perform statistical calculations.
2.3.1.3 Fracture stratigraphy and deﬁnition of fracture units
It is widely recognized that fractures are commonly not conﬁned to speciﬁc sedi-
mentary layers especially where competent, fractured layers are not separated by
thick incompetent strata. Consequently, the notion of a fracture unit has been
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Figure 2.6: The DigiFract processing workﬂow: a) scanline analyzing the outcrop
photo, b) fracture density log, c) fracture spacing log with standard deviations, d)
interpreted fracture units, e) stratigraphic column (green = wackestone, yellow =
packstone, orange = grainstone), f) Schmidt hammer measurements.
introduced referring to a group of sedimentary beds that displays a homogeneous
pattern of fracture density (e.g. Laubach et al., 2009). The general acceptance of
the concept of fracture units, however, is not accompanied by robust databases
and fracture units from outcrops are rarely documented in a quantitative manner
(e.g. Underwood et al., 2003). Furthermore, data on fracture heights, positions and
relations of fractures with bedding surfaces are indeed rare in the literature (Odling
et al., 1999; Underwood et al., 2003; Odonne et al., 2007).
In our workﬂow we deﬁne fracture units on the basis of the fracture-density
curve across the outcrop, i.e. fracture stratigraphy. We extend the deﬁnition of
fracture units to include not only intervals with roughly constant fracture density
but also sedimentary packages where the density shows gradual changes (increase
or decrease). We place boundaries between fracture units where the density curve
shows signiﬁcant breaks typically on the order of > 30 % (Figure 2.6d) (see Under-
wood et al. (2003) for a similar approach). Clearly, the deﬁnition of a fracture unit
is partly a subjective operation, especially when the density curve does not show
abrupt changes. In contrast to other methods, however, our protocol: i) provides
a tool to quantify the fracture units, ii) makes explicit the intrinsically subjective
deﬁnition of fracture units and, iii) because it does not aﬀect data acquisition, is
reversible. We are also aware of the intrinsic limitations of density curves which,
for instance, cannot reveal if fractures with similar densities in adjacent layers are
physically continuous or not. Despite this shortcoming, our work-ﬂow produces a
database which is signiﬁcantly more robust than most other studies.
The column with fracture units is juxtaposed to and compared with the sed-
imentological column to capture factors controlling fracture distribution such as
dominant lithology (Figure 2.6e). Similarly, comparisons can be made with mea-
surements of physical properties such as stiﬀness (Figure 2.6f) (Morris et al., 2009),
or gamma-ray logs.
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Figure 2.7: The structural stations in the Latemar platform.
2.3.2 The database
During two ﬁeld seasons we acquired 1542 fractures measured from 33 diﬀerent
outcrops located in diﬀerent parts of the platform, namely in the interior, the margin
and the slope (Table 2.1) (Figure 2.7). Because of limited accessibility, most of the
slope outcrops are located in the upper slope. Outcrops with diﬀerent orientations
have been chosen in order to capture the characteristics of the two fracture sets
observed in the Latemar platform. In two cases (e.g. Lat7 & Lat30 in Figure 2.7) we
were able to measure fractures on sub-vertical surfaces of two roughly perpendicu-
lar outcrop physically connected to each other. The dimensions of the outcrops used
for measurement are large enough to have a representative number of sedimentary
layers (typically > 10 sedimentary layers) and to fully include a suﬃcient number of
fractures thereby decreasing sampling biases. In the platform interior our selected
outcrops were 5-10 meters across. We did not measure fractures aﬀecting layers
thinner than 5 cm and with spacing smaller than a few centimeters. In the slope,
where bedding is more massif and fractures scarcer, outcrops were typically 10-20
meters across. On average, we typically acquired ~40 fractures per station while at
some localities fractures are less.
2.4 Results
2.4.1 Overview of geologic features
The entire Latemar platform, with the partial exception of the regions occupied by
the dolomitic body and the associated collapse breccias, is fractured. Beside in
correspondence with fracture corridors, no substantial changes of fracture abun-
dance (here approximated by fracture density) could be detected within the diﬀerent
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Figure 2.8: a) histogram of fracture
orientations, b) map with distribution
of the ENE-WSW set and b) of the
NNW-SSE set. Note that the frequency
of fractures and, therefore, also the
quantitative relations between the two
sets are not signiﬁcant as they depend
on the number of outcrops for each set
measured in the ﬁeld.
domains. Practically all the fractures we measured are joints, i.e. fractures with
an opening mode. This holds not only for the higher parts of the platform but also
for its deeper levels exposed in the center of the morphological amphitheater of the
Latemar massif. Only very few of the fractures are striated (see above).
The strike directions of fractures that we measured in the Latemar are shown
in Figure 2.8. Two sets can be easily distinguished, oriented ENE-WSW and NNW-
SSE. The two sets are reasonably well clustered with standard deviations being
~30°. The two sets are found in all domains of the platform and fracture directions
seem to be insensitive to the presence of ﬁrst-order sedimentological boundaries.
Directions in the platform interior have less deviation than those in the slope.
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Figure 2.9: Fractures in the platform interior: a) overall fracture height distribution
inside platform interior, b) and c) height distributions for the ENE-WSW set and the
NNW-SSE set respectively, d) overall fracture spacing distribution inside platform
interior, e) and f) spacing distribution for the two fracture sets.
Figure 2.10: Fractures in the platform margin: a) fracture heights of the ENE-WSW
set, b) fracture length of the NNW-SSE set, c) overall fracture spacing distribution
inside platform margin, d) and e) spacing distribution for the two fracture sets.
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2.4.2 Fracture characteristics in the platform domains
2.4.2.1 Platform interior
Fracture heights in the platform interior of the Latemar (Figure 2.9a) are dominated
by values < 2 m with fractures higher than 5 m being rare. The range of fracture
heights is limited despite the large range of sedimentary layer thicknesses and
lithologies. Fractures with heights less than 0.5 m dominate in both sets. However,
fractures > 2 m tall are common in the ENE-WSW set with the maximum height
measured up to ~10 m (Figure 2.9b), while they are signiﬁcantly rarer in the NNW-
SSE set (Figure 2.9c).
A plot of all spacing distances for diﬀerent fracture sizes in the platform interior
(Figure 2.9d) shows high frequencies at < 1 m. The proportion of fracture spac-
ing exponentially decreases towards higher values and only few spacing distances
larger than 2 m were recorded. The analysis of the two fracture sets indicates that
fracture spacings less than 0.5 m prevail in both sets (Figure 2.9e, f). The range
and distribution of spacing values for the ENE-WSW set are similar to those of the
NNW-SSE set despite the signiﬁcant diﬀerences in fracture height.
2.4.2.2 Platform margin
Because of its limited outcropping extent, only 2 stations could be measured in the
platform margin (Table 2.1). One of the stations is vertical and samples fractures
of the ENE-WSW trending set; the other outcrop is sub-horizontal (pavement) and
provides information on spacing and length of the NNW-SSE trending fractures. The
fractures of the ENE-WSW set (the only one which could be measured in a vertical
outcrop) are generally up to 10 m tall with the highest frequency in the 3-4 m range
and few outliers towards larger values (> 10 m) (Figure 2.10a). Fracture lengths of
the NNW-SSE set were measured on a pavement and are typically smaller than ~1
m (Figure 2.10b).
The spacing distances between fractures in the platform margin are typically
around < 1.5 m (Figure 2.10c) and only a few values greater than 1.5 m were
observed. Fracture spacings of the ENE-WSW set are 0.5-1.5 m with values > 2 m
are rare (Figure 2.10d). The spacing distances of the NNW-SSE set (measured on
pavement) are typically < 1 m, with maximum spacing of 1.2 m (Figure 2.10e).
2.4.2.3 Slope
Fractures observed in outcrops in the platform slope are poorly organized in space
and display large geometric variability resulting in and fairly homogeneous densi-
ties (Figure 2.11). Fracture heights display a wide range of values up to ~15 m
(Figure 2.12a). Higher values do exist but their importance could not be quanti-
ﬁed because some fractures were taller than the outcrop measured. Fractures of
the ENE-WSW set are mostly < 5 m high, but fractures up to 10 m tall are com-
mon. In contrast, fractures belonging to the NNW-SSE set are typically shorter with
fractures taller than 5 m being rare (Figure 2.12b, c).
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Figure 2.11: Representative outcrop in slope (Lat4): a) fracture traces, b) poles of
fracture planes, the thick line indicates the orientation of the outcrop, c) fracture
density log and d) fracture spacing log with standard deviations.
Figure 2.12: Fractures in the slope: a) fracture height distribution inside slope do-
main, b) and c) height distributions for the ENE-WSW set and the NNW-SSE set re-
spectively, d) fracture spacing distribution inside slope domain, e) and f) spacing
distributions for the two fracture sets.
Spacing distances in the slope are characterized by a very scattered distribution
(Figure 2.12d). The dominant spacing values are less than 5 m. Wider spacings do
exist but are signiﬁcantly less abundant. In the ENE-WSW set (Figure 2.12e), we
measured fracture spacings up to 10 m with values of < 5 m being still abundant;
fractures of NNW-SSE set are typically < 2 m apart (Figure 2.12f).
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Figure 2.13: a) representative outcrop of a fracture corridor (Lat16) with fracture
traces, b) poles of fracture planes, the thick line indicates the orientation of the outcrop,
c) fracture density log and d) fracture spacing log with standard deviations, e) fracture
height distribution, f) fracture spacing distribution.
2.4.3 Fracture corridors
Several fracture corridors (loosely deﬁned here as zones with fracture densities
larger than the background) have been identiﬁed in the Latemar on the basis of ﬁeld
observations and analysis of aerial photographs. The dominant strike direction of
the corridors is N 70° E, roughly parallel to the ENE-WSW trending set. We did
not detect signiﬁcant changes in corridor thickness and in fracture characteristics
moving from one platform domain to the other. The zone of corridors is up to several
meters thick but can also form wider clusters that are tens of meters wide.
Detailed information on fracture characteristics and distribution were extracted
from a representative outcrop (Figure 2.13). Fractures are typically tall with heights
commonly > 3 m (Figure 2.13e). Fracture spacing distances inside the corridor are
generally less than 25 cm (Figure 2.13f) resulting in densities of 4-8 fractures per
meter which corresponds to 3-5 times the background fracture density value. The
narrow standard deviation displayed by the density plot of Figure 2.13c shows that
fractures inside the corridors are regularly spaced. The abundance of tall fractures
with narrow spacing results in small changes of the fracture density curve through
diﬀerent stratigraphic levels (Figure 2.13c). Fractures inside the corridor tend to be
parallel to the corridor as a whole. The transition between the fracture corridors
and the background fractured rock is generally sharp.
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2.5 Geologic controls on fracture characteristics
To extract the information on geological factors controlling fracture geometry (height,
spacing, and the termination patterns) we ﬁrst compare fracture characteristics in
the three diﬀerent domains of the Latemar platform, i.e. platform interior, margin
and slope. We then focus on the platform interior where sediments are well-stratiﬁed
and display a variety of sedimentary layer thicknesses and lithologies. This enables
an investigation of relationships between parameters such as spacing distance and
height on the one side, and layer thicknesses or lithology on the other. This can-
not be done in the slope which is more massive and has less clearly distinguished
lithologies.
2.5.1 Fracture characteristic across platform domains
The diﬀerences in sedimentological architecture of the three ﬁrst-order domains
composing the Latemar platform exert a signiﬁcant inﬂuence on fracture heights
and spacing distances. Fractures across the Latemar platform exhibit sizes ranging
from tens of centimeters up to > 10 m (Figure 2.14a). The overall distribution
is dominated by fractures smaller than 5 m and fractures larger than 10 m are
typically rare. This variability is partly associated with the diﬀerent sizes recorded
in the three ﬁrst-order domains composing the Latemar platform (Figure 2.14b).
In the platform interior, up to 75 % of the fractures are smaller than 2 m. In
contrast, up to 50 % of the total population of fractures in the massive slope and
margin domains is typically 1-5 m, with a substantial amount of fractures larger
than 10 m. Similarly, signiﬁcant diﬀerences were observed for the spacing distances
between fractures developed in the three domains (Figure 2.14c). Spacing distances
in the platform interior tend to be lower than in the other domains. Margin and
slope have similar average values but the scatter in the latter is signiﬁcantly larger.
Figure 2.14: a) overall distribution of fracture size in the Latemar with distinction
of fracture size group, b) and c) are whisker plots of fracture height and fracture
spacing distributions in diﬀerent domains (in logarithmic scale). Boxes with bold color
represent the 2nd quartile of the data, while those with lighter color are the 3rd quartile.
Note that in the margin, fracture size is deﬁned by the length and the height of the
fractures.
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Figure 2.15: Fracture spacings for diﬀerent size categories (in logarithmic scale): a) in
platform interior, b) platform margin, c) slope domain. Boxes with bold color represent
the 2nd quartile of the data, while those with lighter color are the 3rd quartile. Note that
in the margin, fracture size is deﬁned by the length and the height of the fractures.
In a multi-scale fracture system such as the one described here, it is useful to
disaggregate the data set and investigate spacing distances for diﬀerent classes of
sizes (Laubach et al., 1998; Ortega et al., 2006; Odonne et al., 2007). To do this, we
have categorized the fractures into ﬁve classes (Figure 2.14a). The results systemat-
ically point to a direct proportionality between fracture sizes and spacing distances
(Figure 2.15). Interestingly, the proportionality is similar in all sedimentological
domains despite the diﬀerences in fracture size distribution. Typically, fractures in
< 2.5 m classes are spaced around < 1 m apart. The spacing is ~1 m for fractures
up to 5 m and reach 2-5 m for fractures larger than 10 m. The increase in spacing
distances is less obvious for fractures in margin domain, probably as a consequence
of under-sampling (Figure 2.15b).
2.5.2 Platform interior: The role of sedimentary layers and lithologies
2.5.2.1 Fracture spacing distances
Previous studies of fractured layered sequences have suggested a linear relationship
between fracture spacing and the thickness of sedimentary layer (e.g. Ladeira and
Price, 1981) or mechanical unit (e.g. Narr and Suppe, 1991; Gross, 1993; Ji and
Saruwatari, 1998). To test these relations we had to degrade signiﬁcantly our data
set by averaging fracture spacing values for all positions of the digital cursor line
within sedimentary layers or fracture units. We have described in section 2.3.1.3
our protocol for the deﬁnition of fracture units. The analysis inside the platform
interior indicates a poor correlation between fracture spacing and sedimentary layer
thicknesses (Figure 2.16a) especially in the domain of thin sedimentary layers. Data
points of ENE-WSW trending fractures have better correlation but do not show the
expected relationships. The plot between fracture spacing and thickness of fracture
units indicates a crude positive correlation for the entire data set as well as for the
two distinct fracture sets (Figure 2.16b).
To investigate the impact of lithology on fracture patterns, we categorized the
sedimentary layers in grainstone, packstone, and wackestone (mudstones are rare
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Figure 2.16: Relationship between spacing distances and thickness of sedimentary
layers (a) and fracture units (b), c) and d) show the role of lithology in deﬁning the
fracture spacing in sedimentary layers the fracture units respectively.
in the observed outcrops). The plot of Figure 2.16c shows that the correlation be-
tween sedimentary layers’ thicknesses and fracture spacing remains poor irrespec-
tive of the lithology of the layers. The results improve if fracture units are plotted
instead of single sedimentary layers (Figure 2.16d). To construct the plot we have
categorized the lithology of fracture units as grain-supported or mud-supported de-
pending on the dominant grain content with cut-oﬀ value at 50 % of the total thick-
ness. Based on the linear trend line ﬁtting, fracture spacing in grain-supported
units is narrower than in the mud-supported units for a given fracture unit thick-
ness.
2.5.2.2 Fracture height and vertical position
A crucial issue in predicting fracture patterns is that of factors controlling the frac-
ture height and, more importantly, their position with respect to bedding interfaces.
When strata are loosely coupled, fractures are expected to have terminations at the
layer interface and, consequently, have heights distributed similarly to bed thick-
nesses. In a cumulative plot, fracture heights of the two sets correlate fairly well
with bed thicknesses (Figure 2.17). This is true for fractures of the NNW-SSE set
(Figure 2.17a) in which the proportion of fracture heights and sedimentary layer
thicknesses smaller than 1 m is comparable, between 80-90 % of the total popula-
tion. Fractures higher than the maximum sedimentary layer thickness (~1.5 m) are
also present but typically less than ~10 %. The correlation is signiﬁcantly worse for
the ENE-WSW set (Figure 2.17b) where fracture heights shorter than 1 m represent
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Figure 2.17: Comparison between cumulative distribution of fracture heights and
sedimentary layer thicknesses for the NNW-SSE set (a) and the ENE-WSW set (b).
only ~40 % of the total population, while layer thicknesses in a similar range are
over ~70 %. Furthermore, layers thicker than 1 m are rare but fractures higher
than 1 m or even exceeding the maximum thickness (2.5 m) are common.
To detail the position of fractures within the sedimentary succession we analyzed
the relations between fracture terminations and sedimentary layer interfaces. To do
this, we quantiﬁed the number of fractures terminations located at ± 2 cm from the
sedimentary layer boundaries; other fractures are considered to start/end within
the sedimentary layer itself. Our results (Figure 2.18) show that, the percentage
of terminations inside the sedimentary layer is > 40 % and in some cases (Lat15)
it reaches ca. 70 %. Fractures of the NNW-SSE set start/end more frequently at
sedimentary layer interfaces (~60 % on average) compared to those of the ENE-WSW
set (~40 % on average). This is compatible with the observation that fractures of the
same set are more sensitive to sedimentary layers (Figure 2.17b).
We then analyze the extent to which the fracture terminations at bedding inter-
faces are inﬂuenced by the diﬀerent lithological combinations of juxtaposed layers.
For this purpose, we diﬀerentiate between the lithology of the sedimentary layer
hosting the fracture and that of the sedimentary layer against which the fracture
terminates. Adopting the rules shown in Figure 2.19a, we conclude that the ma-
jority of the fractures (22~23 % of total terminations) end at sedimentary layer
interfaces that juxtapose grainstones against grainstones (Figure 2.19b, c). The
same behavior is true for both fracture sets. Following the terminology proposed
Figure 2.18: Proportion of fracture
terminations at sedimentary layer
interface andwithin the sedimentary
layer for outcrops in platform interior
and for diﬀerent fracture sets. The
thick black lines highlight the moving
average for diﬀerent fracture sets.
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Figure 2.19: Behavior of diﬀerent sedimentary layer interfaces: a) the convention
used; lithology with the capital letter is the hosting layer prior to fracture termina-
tion, b) and c) are the frequencies (%) of fracture terminations at sedimentary layer
interfaces for the ENE-WSW set and the NNW-SSE set respectively.
by Cooke and Underwood (2001), we infer that a grainstone-grainstone contact is
the weakest sedimentary layer interface. In one of the very few studies reporting on
fracture terminations, Underwood et al. (2003) found that < 15 % of the fractures
terminated within ± 5 cm from the bed interfaces, thereby underlining the weak
control exerted by sedimentary interfaces on fracture terminations.
2.6 Discussion
2.6.1 The sedimentological control on fractures
The results of our work show that fracture characteristics in the three ﬁrst-order do-
mains we have deﬁned in the Latemar platform are signiﬁcantly diﬀerent. Fractures
in the well-bedded platform interior tend to be less tall and have smaller spacing
distances than those in the margin and slope. In addition, fractures of diﬀerent sizes
are organized in terms of fracture units, thereby leading to substantial changes in
fracture density across the outcrop. This contrasts with fracture densities in the
slope and margin which are more homogeneous.
Deﬁning controlling factors at the more detailed scale of sedimentary beds or
group of beds is more diﬃcult. Our data from the platform interior, the only domain
where strata are geometrically and sedimentologically well deﬁned, provide a general
picture of fracture characteristics which is more complex, but more realistic than
generally reported.
The thickness and sedimentology of single beds exert little control on fracture
spacings. The correlation increases when strata are grouped together as fracture
units and suggest a direct proportionality between unit thicknesses and spacing
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distances. Fracture units characterized by a high percentage of grain-supported
lithologies tend to be more fractured than ones richer in mud. This seems to be
diﬀerent from results by other published results (e.g. Lézin et al., 2009) but corre-
lations are generally poor.
Interestingly, sedimentary beds exert a variable degree of control on the height
of fractures and on their vertical position in the outcrop with respect to bedding
interfaces. The control is signiﬁcant for fractures of the NNW-SSE trending set
which are also characterized by a relatively low number of fracture terminations
placed inside the strata. A weaker inﬂuence by sedimentary-layer interfaces is
observed for the fractures of the ENE-WSW trending set. The heights of these
fractures are poorly correlated with bed thicknesses and have a relatively high
number of terminations inside the bed themselves (> 50 %).
2.6.2 Changes in fracture characteristics through time
A relevant feature of the Latemar natural laboratory is the presence in all three
domains of two sets of fractures oriented NNW-SSE and ENE-WSW. In section 2.4.2
we have analyzed the changes in fracture characteristics occurring along the strike
of the same set when diﬀerent platform domains are traversed. Here, we compare
fracture characteristics within each domain to infer changes in platform-scale me-
chanical properties, driven by depositional and diagenetic processes. By doing this,
we assume that the two sets were formed at diﬀerent times and use fractures as the
tracers of bulk-mechanical behaviors of diﬀerent domains.
Comparative analysis of our fracture data shows that in all three domains of the
Latemar platform, fracture heights of the NNW-SSE set are shorter than those of
the ENE-WSW set (Figure 2.20a). Similar behavior is observed for fracture spacing,
except for the platform interior where the two sets are comparable (Figure 2.20b).
In the platform interior, fracture terminations of the NNW-SSE set are also more
sensitive to sedimentary layer interfaces, hence more bed-conﬁned than those of
ENE-WSW set. This is supported by the detailed analysis of the outcrop shown in
Figure 2.21 in which fractures were measured on two perpendicular, sub-vertical
Figure 2.20: Whisker plots of fracture heights (a) and fracture spacings (b) for the two
fracture sets in the platform domains (in logarithmic scale) as indicated by diﬀerent
color schemes. Boxes with bold color represent the 2nd quartile of the data, while
those with lighter color are the 3rd quartile.
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Figure 2.21: Fracture analysis at two sub-vertical faces of the same outcrop: a) the
location of the outcrop, b) fracture orientations inside each outcrop, c) fracture traces
of Lat7 (ENE-WSW set), d) fracture density for two outcrops with sedimentary layers
positions and e) fracture traces of Lat30 (NNW-SSE set).
surfaces sampling the two sets at the same locality and stratigraphic levels.
The simplest interpretation of the diﬀerences between the two sets is that the
mechanical properties of the platform changed from one episode of fracturing to the
other (Shackleton et al., 2005). As i) mechanical changes are most easily associated
with sedimentological and diagenetic processes, and ii) these are most active during
platform subsidence, we conclude that at least one of the fracture sets must have
formed before the platform reached its maximum burial depth. The interpretation
is supported by the fact that present day stiﬀness values (as derived from Schmidt
hammer measurements) are very homogeneous and, therefore, are unable to explain
the diﬀerent behavior of the diﬀerent fracture sets and lithologies (Figure 2.22).
Assessing the relative age of the two fracture sets and, thereby, tracing sedimen-
tological and mechanical changes through time is more diﬃcult as cross-cutting and
abutment relations between joints in the ﬁeld are non-univocal. Assuming that car-
bonate platforms gradually lithify during subsidence and that, thereby, mechanical
contrasts between layers decrease, we interpret the NNW-SSE trending fracture
set to be older than the ENE-WSW one. Based on the parallelism with Ladinian
volcanic dikes (Laurenzi and Visona, 1996; Mundil et al., 1996), the NNW-SSE
trending fracture set could be Middle Triassic in age. In addition, the NNW-SSE
directed maximum horizontal stress is compatible with the Early Ladinian tectonic
scenarios proposed by regional studies (Blendinger, 1985; Bosellini et al., 2003).
Our proposed succession of events diﬀers from that put forward by Preto et al.
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Figure 2.22: a) comparison between fracture stratigraphy and mechanical stratig-
raphy of outcrop Lat13 (for stratigraphic column: green = wackestone, yellow =
packstone, orange = grainstone), b) overall distribution of Schmidt hammer values for
rocks in the Latemar platform.
(2011) which is based on cross-cutting relations between faults rather than joints.
A simple mechanical evolution with lithiﬁcation generally increasing with depth
is commonly recorded in siliciclastic rocks (Shackleton et al., 2005). Carbon-
ate platforms, however, typically show much more complex lithiﬁcation patterns
thereby questioning our simplistic approach. The Latemar platform, for instance,
was rapidly lithiﬁed by marine cements but mechanical contrasts might have been
subsequently enhanced by late diagenesis and dolomitization (e.g. Marangon et al.,
2011).
Interestingly, while the overall trend of increasing heights and spacing distances
from the NNW-SSE set to the ENE-WSW set is clearly documented in the data,
a more detailed inspection shows that, in all three domains, the scatter of both
heights and spacing distances increases from the NNW-SSE set to the ENE-WSW.
The increase is particularly evident for the (upper) slope domain, where the stan-
dard deviation of spacing and height for fractures of the ENE-WSW set is a few
times larger than that of NNW-SSE set. This conﬁrms lithiﬁcation in the Latemar
platform was a heterogeneous process with some domains experiencing more rapid
lithiﬁcation than others, resulting in a transient increase of mechanical diﬀerences
between and/or within domains (e.g. Marangon et al., 2011).
2.7 Conclusions
The Latemar isolated platform (Dolomites, N Italy) with its sedimentologically dif-
ferent domains, i.e. platform interior, margin and slope, is an excellent natural
laboratory to investigate fracture patterns aﬀecting a km-scale, very heterogeneous
body of rocks.
The entire Latemar platform is fractured typically by mode I features (joints).
Faults are very few and commonly reactivate pre-existing joint planes. Joints are
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organized consistently into two sets, NNW-SSE and ENE-WSW, through the entire
platform showing that stress ﬁeld trajectories were straight despite the obvious 3D
architecture of the platform, implying a dominance of tectonic versus gravitational
stresses.
At the platform scale, heights and spacing distances of fractures in the platform
domains are signiﬁcantly diﬀerent. In the well stratiﬁed platform interior, fractures
are typically < 2 m tall. The fracture stratigraphy here is characterized by changes
in fracture density throughout the stratigraphic levels. In the massive platform
margin, fractures are taller than in the platform interior and fracture spacings are
up to 5 m. In contrast, in the massive slope fractures taller than 10 m are common
with fracture spacing of more than 5 m. The presence of poorly organized, tall
fractures in both margin and slope domains results in nearly homogenous fracture
stratigraphy with constant fracture density throughout diﬀerent stratigraphic levels.
In the platform interior, the presence of well-organized and sedimentologically
diverse layers is an opportunity to investigate factors controlling fracture geometries
at the meters to several meters scale. The correlation between spacing distances
and thickness of sedimentary layers is weak, while it is better by considering frac-
ture unit thicknesses. In general, units dominated by grain-supported layers have
a slight tendency to have smaller spacing distances than units with more mud-
supported layers. In contrast, bed thicknesses seem to exert some control on frac-
ture height and between ~50 % of fracture terminations are placed at the interface
between sedimentary layers.
We have found signiﬁcant diﬀerences in the fracture characteristics of the two
directional sets. Fractures of the NNW-SSE set are shorter with narrow spacing
and small deviation in size compared to those of ENE-WSW set. In the platform
interior, fractures of NNW-SSE set are more sensitive to sedimentary layers as
they are less tall and terminated more often by the sedimentary layer interfaces.
These diﬀerences suggest that the two fracture sets developed at diﬀerent times and
that platform mechanical properties had changed from one episode to the other as
a result of progressive subsidence and contemporaneous early-to-late diagenesis.
Fractures can then be seen as tracers of mechanical properties through time and,
consequently, of complex lithiﬁcation patterns aﬀecting the diﬀerent domains of the
platform.
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Geometry and structural characteristics of the
Latemar Platform: Results from platform-scale LiDAR
interpretations
Largely based on: Boro, H., Mutti, M., Amour, F. and Bertotti, G., submitted. Sedi-
mentological and structural architecture of the Latemar platform (N Italy) as derived
from mountain-scale LiDAR imaging. Geology.
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3.1 Introduction
In subsurface reservoirs, detailed geologic characterization is crucially important to
estimate the reservoir performance and productivity. In addition, many business
decisions and ﬁeld development programs are practically based on the quality of
the reservoir model itself (e.g. Ghazi and Raﬁe, 2001). However, limited resolution
of seismic images can only provide a coarse reservoir characterization, while cores
and logs sample only small fraction of the reservoir’s heterogeneity.
To cope with the problem, many reservoir models are built based on knowledge
gathered from outcrop studies (e.g. Osleger et al., 2004; Sivils, 2004). In this case,
outcrop observations provide insights to the geometry and distribution of geologic
features in the subsurface, i.e. facies or structures (e.g. Verwer, 2008; Boro et al.,
2012). In a classical approach, detailed outcrop studies were usually performed
on meter-scale observations. Larger scale observations, up to few km wide, are
sometime possible but not easy to quantify, therefore lack in its resolution and
accuracy. In recent years, digital outcrop modeling became more widely available
and now serves as a complimentary method for ﬁeld observations (e.g. Jones et al.,
2004; Verwer et al., 2004; Adams et al., 2005; Verwer, 2008). The ﬂexibility of 3D
outcrop models enables multi-scale observations, extending from bedding-scale up
to reservoir-scale geologic features at unprecedented accuracy (Enge et al., 2007).
In addition, the precision and accessibility of a digital model enable a more rigorous
quantitative analysis in characterizing geologic features such as facies heterogeneity
or fracture patterns. Such quantiﬁcation is particularly important to provide a
predictive model for subsurface reservoir models (e.g. Stoudt and Raines, 2004).
In general, observations within outcrop digital models have served a wide spec-
trum of characterization studies, ranging from geometric analysis of large geologic
bodies, such as carbonate platform architecture (e.g. Blendinger et al., 2004; Verwer
et al., 2004), river channels (e.g. Bellian et al., 2005; Enge et al., 2010), folds (McCaf-
frey et al., 2008), etc., down to much ﬁner scale features such as bedding, vugs and
fracture characterization (Jones et al., 2008; Kurtzman et al., 2009; Wilson et al.,
2011). Additionally, a detailed geologic characterization of outcrop models provides
input for building a deterministic analogue reservoir model (e.g. Fabuel-Perez et al.,
2009; Rotevatn et al., 2009; Enge and Howell, 2010; Wilson et al., 2011), to inves-
tigate the roles of various geologic parameters and architectures in aﬀecting ﬂuid
ﬂow behaviors.
In this chapter, the digital outcrop model of the Latemar platform has been used
primarily to investigate the architecture of ﬁrst order sedimentological domains and
structural features, more speciﬁcally, the characteristics of fracture corridors or
zones with intense fracturing (Boro et al., 2012). Such observation is particularly
important as fracture corridors formmajor ﬂuid conduits in subsurface (e.g. Bockel-
Rebelle et al., 2004; Uba et al., 2007) and only few studies have been done to
characterize the geometry and the distribution of fracture corridors associated with
carbonate rocks (Olson, 2004; De Keĳzer et al., 2007; Singh et al., 2008). The results
are then used to infer the overall geometry and growth patterns of the Latemar
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Figure 3.1: a) typical helicopter-based LiDAR acquisition setups (image courtesy of Virtual
Outcrop Geology (VOG) group – CIPR, University of Bergen), b) point clouds from LiDAR showing
the topography and distribution of acquired area within the Latemar platform.
platform and their relation to diﬀerent deformation phases, i.e. fracturing events.
3.2 LiDAR Datasets: Acquisition, Processing and Visualization
To construct the Latemar platform model, a digital dataset was acquired through
LiDAR (Light Detection and Ranging) method. This technology makes use of the
laser pulses to measure the distance from the scanner to the targeted surface at
very high accuracy. The resulting point clouds are then translated into digital
surfaces and textured with digital photographs to produce 3D digital realizations
of the outcrop at high resolution (e.g. Bellian et al., 2005; McCaﬀrey et al., 2008,
and references therein). Similar 3D models can also be developed from a Digital
Elevation Model (DEM) and satellite images but these typically have lower resolution
than 3D models constructed from LiDAR data (e.g. Bernardin et al., 2006).
LiDAR data from the Latemar platform were acquired through a helicopter-based
measurements technique and very diﬀerent from the ground-based LiDAR scanner
(Figure 3.1a). Here the scanning system is mounted on a helicopter while the ac-
quisition is not ﬁxed from a particular location (Vallet and Skaloud, 2004). The ma-
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neuverability of the helicopter clearly provides some advantages over the traditional
system, which is particularly evident in accessing rough terrains and capturing data
normal to the outcrop surface (Buckley et al., 2008). Obviously, such a technique
is suitable for the acquisition in the Latemar platform as its natural landscape is
characterized by a series of high peaks and deep gorges.
With the helicopter, the required operation time for acquisition is typically fast.
In the Latemar platform, the whole data acquisition required ~12 hours of ﬂying
time to cover an area of 3 km x 4 km. During the operation, the distance between
the scanner and the outcrop surface (cliﬀ or pavement) is set roughly at 300 m to
compromise the areal coverage and the photo resolution. The Latemar platform
dataset contains billions of data point (point cloud) measured for every ~4 cm and
more than 2000 photographs (captured with medium format camera and 35 mm
lens) (Figure 3.1b). The overall raw data acquire a space of over 300 Gb.
Handling such a massive dataset is computationally challenging, especially for
processing and visualization. In the traditional approach, the LiDAR outcrop model
is produced at its highest resolution, resulting in even larger data ﬁles. Such an
approach is not suitable for the datasets with a size of the Latemar platform. For
this purpose, a method developed by Buckley et al. (2008) has been implemented
to eﬃciently handle the overall data. In this method, the whole LiDAR dataset is
processed at ﬁve up to six diﬀerent levels of detail both for the 3D mesh generation
(digital elevation model) and texture mapping with photographs. To optimize the
visualization power, the whole model is divided into smaller areas according to
an octree structure, in which the number of areas is increasing through levels of
detail. The whole processing typically required 3-4 weeks. The resulting 3D model
then provides a multi-resolutions view similar to Google EarthTM and requires less
computational power.
For visualization, the whole model is then loaded inside the LIMETM software,
an application designed exclusively to handle multi-resolutions LiDAR dataset (S.
Buckley, personal communication 2009). The strength of the software lies in its
capability to perform interpretation while ﬂexible enough to handle diﬀerent data
formats. The application is also equipped with tools that enable various measure-
ments, including length/height of any geological objects and plane orientation based
on three points approach. Through the interpretation work, various quantiﬁca-
tions are then performed to investigate the structural characteristics of the Latemar
platform. This includes the distribution of ﬁrst order sedimentological domains,
stratiﬁcation patterns and large-scale structural features or fracture corridors.
3.3 Facies Architecture of the Latemar Platform
Many sedimentological studies have been performed in the Latemar platform (Gold-
hammer and Harris, 1989; Harris, 1993; Egenhoﬀ et al., 1999; Emmerich et al.,
2005a; Preto et al., 2011). The excellent visibility of the stratigraphic successions
provides detailed information on various geologic processes during its deposition in
the Ladinian time (Middle Triassic). This includes the cyclicity pattern (e.g. Preto
et al., 2004; Zühlke et al., 2003), the characteristics of slope deposits (Harris, 1994),
diagenesis (e.g. Egenhoﬀ et al., 1999; Marangon et al., 2011), platform geometry (e.g.
Bosellini, 1984; Emmerich et al., 2005a). Previously, the geometry of the Latemar
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Figure 3.2: a) digital elevation model of the Latemar platform as constructed from LiDAR with
detail distribution of ﬁrst order sedimentological domains (after Emmerich et al., 2005a; Preto
et al., 2011); b) stereoplot of bedding positions inside the platform interior as an indicator for
regional dip; c) and d) stereoplots of bedding positions in various parts of slope domain and
basin sediments respectively. Note that the bedding orientations in plots c) and d) have been
corrected based on the regional dip.
platform was thought to be similar to the other Ladinian isolated platform in the
region, characterized by a continuous margin protecting the lagoonal environment
(Bosellini, 1984; Egenhoﬀ et al., 1999). The work by Emmerich et al. (2005a) and
Seeling et al. (2005) indicated that margin in the Latemar platform is not continu-
ous, due to a syn-sedimentary collapse in the peripheral parts of the platform. More
recently, a study by Preto et al. (2011) has identiﬁed various geologic bodies inside
the platform interior, including the presence of the slope sediments in the area of
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the Tongue which was not identiﬁed in previous studies (Figure 3.2). Through ob-
servations in LiDAR, results from Emmerich et al. (2005a) and Preto et al. (2011)
are integrated to detail the 3D characteristics of the Latemar platform. The analysis
in this chapter then focus more on the structural issues.
3.3.1 Stratiﬁcation patterns
Figure 3.2a shows the distribution of diﬀerent sedimentological domains as con-
structed from the LiDAR. The distribution and boundaries between diﬀerent do-
mains are easily identiﬁed and distinguished based on their layering characteristics.
The platform interior is characterized by well-bedded sequences localized mainly in
the central part of the Latemar platform. The layering is relatively continuous and,
in some cases, can be traced laterally for more than hundreds of meters. The gen-
eral bedding orientations inside the platform interior are nearly horizontal, gently
dipping (~7°) towards N50°E, an indication of regional-tilt (Figure 3.2b).
Sediments in the platform margin are massive without any stratiﬁcation pat-
terns. The margin in the Latemar platform is typically discontinuous and only
observed at some localities (purple area in Figure 3.2a). In the place where the mar-
gin outcrops are associated with high relief (around Cima del Forcelone, Cima di
Valsorda and the Tongue), we were able to characterize the geometry of its bound-
aries with platform interior and slope, and the growth patterns. In general, the
contact boundaries are vertical and indicate an aggradation growth pattern. How-
ever, most margin outcrops are located in the lower section of the Latemar platform
and are not necessarily representative of the whole platform growth pattern.
In the slope, sediments display massive bedding (> 10 m thick) with steeply
dipping stratiﬁcations. The sediments in the upper slope of the Latemar platform
are dipping around ~30° perpendicular to the platform margin (Figure 3.2c). The
dip angle is typically persistent down to the toe-of-slope. Within the slope deposits,
erosional surfaces are commonly observed with discontinuous bedding and changes
in bedding orientations. Such characteristics are particularly evident in the western
slope of the Latemar platform, around the Cima di Valsorda, where bedding are
roughly dipping towards the NW and SW, aﬀected by the embayment in the platform
geometry, i.e. the margin. Similar behavior is also observed for the slope deposits
in the NW corner, around Kirchtagweide.
The slope then passes laterally to the basin sediments. In the Latemar, this
transition is well preserved only in the western slope around the Cima di Valsorda
(brown area in Figure 3.2a). The basin sediments are distinguishable due to their
well-stratiﬁed layers, brownish to light gray colour, with the presence of meter-
scale blocky fragments and pinching-out layers, very diﬀerent from the massive
slope. The bedding measurements indicate gently dipping layers (5~10°), mainly
towards the NNW (Figure 3.2d).
3.3.2 Collapsed-margin and the origin of platform interior blocks
As mentioned earlier, the platform margin in the Latemar is discontinuous and its
lagoon-to-slope transition is commonly characterized by sharp contacts. In addi-
tion, several hundred meter-scale blocks of platform interior sediments have been
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Figure 3.3: a) Interpreted stratiﬁcations in Cima Feudo area with detailed distribution of
diﬀerent sedimentological domains. Inset is the stereographic plot for bedding orientations
inside various sedimentological domains and a reconstruction of collapse-surfaces. Note that
the bedding orientations have been corrected based on the regional dip. b) Outcrop photo
showing the presence of collapse surface and tilted platform interior layers. Numbers denote
the dip-direction and dip of the bedding and collapse surface. c) Stereoplots showing the
orientations of collapse surface and bedding within the tilted blocks from diﬀerent locations on
the map. Note that the bedding orientations have been corrected based on the regional dip.
Red boxes indicate the location for ﬁgure 3.3a and 3.3b.
observed inside the slope sediments (green area in Figure 3.2a). However, the rela-
tion between them is not very well constrained from the ﬁeld observations, leading
to diﬀerent interpretations on the origin of the blocks (compare the results from
Emmerich et al., 2005a and Preto et al., 2011). Through the LiDAR, the character-
istics of the blocks have been quantiﬁed to investigate the overall geometry and the
relationship to the collapsed margin.
Cima Feudo Area
One particular example is located in the southern part of the Latemar platform,
around the Cima Feudo, where a 300-m long and 75-m high block of well-stratiﬁed
platform interior is observed inside the massive slope successions (Figure 3.3a). The
whole block is separated into two parts by an E-W trending discontinuity surface.
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Bedding plane measurements in both parts of the block indicate northward dipping
stratiﬁcations that dip against the direction of slope deposits, with an average dip of
20°. The main discontinuity surface between the block and platform interior is not
visible due to outcrop condition. Its relative orientation, however, can be inferred
from the bedding orientations inside the block and the in-situ platform interior.
From the measurements, the discontinuity surface in Cima Feudo is oriented E-W,
similar to the one observed inside the block.
From the bedding interpretation, stratiﬁcations below the blocks are approxi-
mately horizontal, similar to the in-situ platform interior. Such contrast in stratiﬁ-
cations clearly indicates the presence of detachment surface below the tilted block
where the main discontinuity between the platform interior and the block basically
ﬂattens. Because of the listric shape geometry, it has to be concluded that the
discontinuity surface in Cima Feudo was developed under a gravity driven mecha-
nism. The instability around the peripheral area of the platform might have created
a massive collapse with a discontinuity surface that is ﬂatten at the sea ﬂoor. Sim-
ilar gravity-driven mechanism is also observed for the development of growth-fault
systems in passive margin sediments.
The inferred orientation of the collapse surface in Cima Feudo is similar to the
measurements from the outcrop located on the path to the Rifugio Torre di Pisa
(Figure 3.3b). Here, another block of well-stratiﬁed platform interior is observed
with layers tilted around ~20° northward by an E-W trending collapse surface,
creating a space for massive slope sediments. The block is around ~200 m in length
and width, with a thickness of ~50 m. From the map view, the block might represent
a diﬀerent system of collapsed margin than that in Cima Feudo (Figure 3.3c).
Cima di Valsorda
In the western slope of the Latemar platform, below the Cima di Valsorda, another
block of well-stratiﬁed sediments, which is obviously derived from the platform
interior, has been identiﬁed (Seeling et al., 2005) (Figure 3.4a). It is located just 500
m away from the margin in Cima di Forcelone.
The block is measured around 250 m in length and up to 200 m in height. In
contrast to our observations at Cima Feudo, the layering in the detached block is
nearly horizontal (Figure 3.4b). A fault is also present within the block, dipping
towards the SW or parallel to the orientation of slope sediments. The normal move-
ment is evident from the gentle drag-fold along the plane. The lateral extent of
the fault is limited only inside the block and its geometry ﬂattens gradually down
section dipping from 70° to 35°. All of these descriptions point to a syndepositional
listric fault and perhaps related to a gravity driven process, similar to that in the
Cima Feudo. However, the block itself might represent the remnant of an earlier
stage platform interior based on its horizontal layering.
3.3.3 Pre-eroded geometry of the Latemar platform
Using the information gathered from the platform growth, stratiﬁcation patterns
and the geometry and distribution of diﬀerent domains, one can construct the pre-
eroded geometry of the Latemar platform. On a map view, the dip direction of
slope sediments can be used to infer the position of the margin (Figure 3.5a). The
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Figure 3.4: a) photo of platform interior block as seen in the western slope of the Latemar
platform, below the Cima di Valsorda, with a ﬁgure showing a schematic reconstruction of the
fault, b) stereoplot showing the orientations of bedding and fault planes around the area. Inset
is the map showing the outcrop location.
constructed boundary shows a very strong embayment and supports the horse-
shoe shape as postulated by Preto et al. (2011), especially in the area of the Tongue,
where the boundary between interior platform and slope domain is vertical, and the
slope sediments dipping toward NE and SE.
For the vertical proﬁle (Figure 3.5b), constrained by the present distribution of
slope sediments and the position of platform margin, the Latemar platform could
either: (i) have a thickness of > 1500 m if the platform grew aggradationally (red
dotted line), or (ii) its margin could have prograded for > 500 m from the present
day position if the Ladinian model (Bosellini, 1984) with later stage progradation is
imposed (blue dotted line). This results from the constant slope dip angle, around
30° throughout diﬀerent parts of slope in the Latemar platform, i.e. symmetric
platform geometry. The average dip angle of slope sediments in the Latemar is
similar to those measured from the other isolated carbonate platforms in the region
(Kenter, 1990; Kenter and Campbell, 1991; Harris, 1993). The general scheme,
the slope sediments are dipping around 30° in the upper-slope down to the toe-of-
slope, where dip angle becomes 5°-10° in the basin sediments. Such a proﬁle is in
agreement with the Ladinian slope model proposed by Harris (1993).
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Figure 3.5: Reconstruction of the pre-eroded Latemar platform geometry. a) position of the
platform margin as constructed from the bedding orientations in the slope, basin and collapsed
blocks. Line across the platform shows the location of the cross-section in ﬁgure (b). b) vertical
reconstruction of the Latemar platform with two possible scenarios, i) constant aggradation
growth pattern and ii) later stage progradation, i.e. Ladinian model (after Bosellini, 1984).
3.3.4 Distribution of dolomite bodies
The majority of Triassic carbonate platforms in the Dolomites have experienced a
regional-wide dolomitization during the Late Ladinian (Carmichael et al., 2008). In
many cases, as in the Sella platform and Rosengarten, such alteration has trans-
formed the whole platform body from whitish limestones to yellowish dolomites.
In contrast with the Latemar platform, despite its relatively close position to the
Predazzo intrusion, the dolomite bodies are rare (e.g. Doglioni, 1987; Egenhoﬀ et al.,
1999; Harris, 1993). From the LiDAR, several dolomite bodies have been mapped
to detail their distribution and to infer their relationship with the fracturing and
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Figure 3.6: a) distribution of dolomite bodies (yellow areas) in the central part of the Latemar
platform, b) representative outcrop photo with bedding-parallel dolomite bodies developed in
the vicinity of NNW-SSE trending volcanic dikes and fractures, see ﬁgure (a) for photo location,
c) schematic vertical section of the dolomite bodies in ﬁgure (b) showing a christmass-tree
structure (Carmichael et al., 2008) .
volcanic events (Figure 3.6a).
The majority of dolomite bodies are observed in the central part of the Latemar
platform, between the Cimon Latemar and Zand de Montagna, while they are
scarce outside the area. More detailed observations indicate that the distribu-
tion of dolomite bodies is strongly aﬀected by the NNW-SSE trending volcanic dikes
and fractures (Figure 3.6a, b). From a map view, the condition results in predomi-
nantly NNW-SSE trending dolomite bodies. Such evidence suggests that NNW-SSE
trending structures are the preferential ﬂow direction for the dolomitization ﬂuid in
the Latemar platform. In some localities, the dolomite bodies are also observed to
parallel the bedding planes, aligning with the stratiﬁcation patterns (Figure 3.6b).
The observation from the LiDAR clearly supports the christmass-tree structure
in the distribution of dolomite bodies as reported by Carmichael et al. (2008) (Figure
3.6b, c). Such a structure suggests that the dolomitization ﬂuid was ﬁrst transferred
vertically through the dikes and fractures, and thenmoved laterally along the porous
and permeable layers. A study by Wilson et al. (1990) suggests an upward ﬂow of
reactive ﬂuids due to a thermal convection eﬀect in the sea-water. More recent
studies, however, suggest that the dolomitization ﬂuid was related to hydrothermal
processes (Carmichael et al., 2008; Ferry et al., 2011).
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Figure 3.7: a) distribution of fracture corridors (red polygons) at representative part of the
Latemar platform, b) a rose diagram showing the orientations of fracture corridors in the slope
and platform interior. White boxes indicate the location of Figure 3.8a and b.
3.4 Characteristics of Fracture Corridors
Several studies in subsurface reservoirs have indicated the presence of highly frac-
tured zones, i.e. fracture corridors, aﬀecting the overall ﬂuid ﬂow behaviors (e.g.
Bockel-Rebelle et al., 2004; Uba et al., 2007). Their characteristics, however, are
poorly constrained from the seismic images and well data (e.g. Singh et al., 2008),
while outcrop studies are very limited and cover only the conceptual model (e.g.
De Keĳzer et al., 2007). This is largely because the outcrop-scale observations are
not able to capture the entire extent of fracture corridors, while satellite images and
aerial photos are poor in resolution, and strongly aﬀected by the weather and the
position of the sun that limit the exposure. In this case LiDAR technology is the per-
fect tool to analyze the 3D characteristics of fracture corridors at higher resolution.
In addition, the visualization technique is also equipped with rotating and zooming
tools, which are useful for analyzing objects of interest from the right perspective.
In the Latemar platform, several fracture corridors have been identiﬁed from
outcrop observations (Boro et al., 2012; Chapter 2). Through the LiDAR, more than
300 fracture corridors have been traced from diﬀerent parts of the Latemar platform.
Because of the resolution of the LiDAR images, the observations are limited to
fracture corridors with thickness > 1 m. Their characteristics and distribution are
interpreted and quantiﬁed to infer their genetic relationship with the fracturing
events in the Latemar platform.
3.4.1 Distribution and Orientation
From the outcrop observations, fracture corridors in the Latemar platform are de-
ﬁned as zones of a few meters thick, with fracture density up to four times the
back-ground value or equivalent to an average fracture spacing of < 20 cm (Boro
et al., 2012; Chapter 2). Fractures inside the corridors are typically joints or open-
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ing mode fractures and no lateral and vertical displacements are associated with
corridors. Figure 3.7a shows the distribution of fracture corridors in representative
parts of the Latemar platform. In general, fracture corridors are observed both in
the platform interior and slope domain at similar proportions. No observations were
made inside the margin due to its limited exposure.
The orientations of fracture corridors show only one dominant direction, trend-
ing ENE-WSW (~N 70° E) (Figure 3.7b), similar to those observed from the outcrops
(Boro et al., 2012). Corridors with diﬀerent orientations from the ENE-WSW set are
also present, but signiﬁcantly less (< 10 % of the total population). Observations
on horizontal pavements suggest that fractures inside the corridors are generally
arranged parallel to the main zone but deviate around 5~10° (Figure 3.8a). Such be-
havior results in a high number of inter-connected fractures of various sizes inside
the zone. In vertical section the fracture pattern is diﬀerent. Observations along the
cliﬀs indicate that fractures inside the corridors are predominantly sub-vertical with
very little deviation in dip, therefore fewer inter-connected fractures (Figure 3.8b).
The borders of each corridor are commonly marked by a series of large fractures,
i.e. long and tall, both in horizontal or in vertical sections (Figure 3.8).
3.4.2 The geometry
In horizontal section, most fracture corridors are characterized by thinning-out
geometry or elliptical, i.e. their thicknesses gradually reduced toward both termi-
nations (Figure 3.8a). In some cases, terminations along the strike are abrupt with
no signiﬁcant changes in thickness and mostly against the NNW-SSE trending vol-
canic dikes. Vertical geometry of fracture corridors is diﬀerent. The terminations
of fracture corridors in a vertical section are often abrupt, creating an essentially
tabular shape (Figure 3.8b).
The overall geometric characteristics of fracture corridors are best described by
their thicknesses and the overall height-to-length ratio. For this purpose, the thick-
ness of each corridor has been measured on its widest section and perpendicular
to the dominant strike direction. Due to the 2D nature of the outcrop, the informa-
tion on heights was mainly obtained from vertical outcrops or cliﬀs, while pavement
provides excellent exposures of fracture corridors’ lengths. The overall results are
shown in Figure 3.9. The general inspection indicates that the size of fracture corri-
Figure 3.9: Geometric characteristics of fracture corridors in slope and platform interior: a),
b) and c) for thickness, length and height respectively.
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Figure 3.10: Frequency distribution plots for geometric ratios: a) length to thickness ratio, b)
height to thickness ratio. The black and grey lines represent diﬀerent measurement methods.
dors is not uniform and shows a multi-scale system. Fracture corridor thicknesses
are dominated by values < 3 m. The proportion decreases signiﬁcantly towards
larger values, where corridors with thickness > 10 m are not observed (Figure 3.9a).
This trend is valid for corridors both in platform interior and slope domains.
The cumulative distributions of corridors’ lengths and heights are relatively sim-
ilar in terms of the overall range and the average value (Figure 3.9b, c). The overall
distribution is dominated by values < 30 m and the proportion decreases towards
larger values, measured up to 60 ~ 90 m. Diﬀerences related to sedimentological
domains are not evident in either length and height distributions. The similarity in
the range of corridors’ length and height values indicates that the length-to-height
ratio for fracture corridors in the Latemar platform is nearly equal to one, i.e. their
height is equal to their length.
To further constrain the corridors’ geometries, the aspect-ratio of each fracture
corridor is calculated by comparing its length or height against its thickness. For
this, two diﬀerent types of measurement have been implemented to diﬀerentiate the
fracture corridors with complete exposure (clear termination on both ends) from
those that are estimated due to limited exposure or measured on non-vertical/non-
horizontal outcrop surfaces. The overall results are given in Figure 3-8 and clearly
Figure 3.11: Frequency distribution of geometric ratio values for: a) diﬀerent sedimentological
domains, b) diﬀerent length and height classes (indicated by diﬀerent colors).
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indicate non-uniform geometric-ratio. This is valid for both complete and estimated
values. The length of a fracture corridor is typically around 8~10 times its thickness
(Figure 3.10a). But in some cases, it spans up to ~25 times its thickness. Similar
patterns are also observed in terms of the height-to-thickness ratio (Figure 3.10b).
The average height of a fracture corridor is around 12~14 times its thickness, with
a maximum value up to 22 times the thickness.
Diﬀerences in geometric ratio, both for length and height, related to sedimento-
logical properties are not visible (Figure 3.11a). Signiﬁcant diﬀerences are observed
by subdividing the overall data based on the size of the corridors, i.e. length and
height (Figure 3.11b). In general, the geometric ratios of fracture corridors increase
with length or height. For corridors < 20 m long or tall, the average ratio is around
8~10, while the ratio is 13~14 for corridors > 40 m long or tall.
3.4.3 Corridor-complex
Observations of LiDAR data indicate that fracture corridors are distributed ran-
domly within the diﬀerent domains of the Latemar platform. However, at some lo-
calities, several fracture corridors are commonly arranged at much closer distances,
< 5 m apart, and conﬁned within zones tens of meters wide (Figure 3.12). In this
study, such zones are referred to as a corridor-complex. From the LiDAR datasets,
around 25 corridor-complexes have been identiﬁed throughout diﬀerent parts of the
Latemar platform (Figure 3.13a). They are predominantly oriented ENE-WSW with
only a few that are oriented WNW-ESE. These orientations are generally parallel to
the ﬁrst order fractures observed in the Latemar platform (Nasution and Hardebol,
personal communication 2012) and lineaments (Preto et al., 2011). A comparative
analysis with aerial photographs shows that the distribution of corridor-complexes
coincide with the large fractures and structural lineaments (Figure 3.13b).
The thickness of corridor-complexes varies from 10 m up to ~70 m, with an
average of 40 m (Figure 3.14a). Each complex can contain up to six diﬀerent fracture
corridors. In some cases the fracture corridors are spaced closely, around 1 m
apart. Measurements from several localities with complete exposures show that the
length-to-thickness ratio of corridor-complexes is < 10 (Figure 3.14b). The ratio is
signiﬁcantly smaller than those of single fracture corridors, with length typically
10-15 times their thickness. Measurements on corridor-complexes’ heights could
not be made due to limited exposure in their vertical terminations. In the horizontal
section, the terminations of corridor-complexes are commonly abrupt and mostly
observed against the volcanic dikes (Figure 3.14c).
3.5 Discussions
The formation of fracture corridors is clearly related to tectonic deformation. The
relationship is particularly evident from the constant orientation of the dominant
set, trending ENE-WSW, throughout diﬀerent parts of the Latemar platform. In the
case of corridor-complexes, they are commonly aligned with the ﬁrst order fractures
and structural lineaments. In addition, sedimentological properties show only weak
control on the distribution and the characteristics of fracture corridors. In general,
the geometry, i.e. the thickness, the length and the height, of the fracture corridors
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Figure 3.14: a) frequency distribution of corridor-complex’s thicknesses, b) cross-plot showing
the relationships between the thickness and the length of corridor-complexes, c) representative
outcrop of corridor-complex as seen in LiDAR. See Figure 3.13 for photo location.
observed in the platform interior is similar to those in the slope.
The lengths of fracture corridors in the Latemar platform are similar to their
height, resulting in a length-to-height ratio equal to one. Such a behavior is perhaps
related to the presence of volcanic dikes, trending perpendicular to the fracture
corridors, acting as the mechanical barrier in limiting the length of the corridors.
Pavement observations indicate clear termination against the volcanic dikes (Figure
6a). Such terminations patterns support the fracturing phases proposed by Boro
et al. (2012), in which fractures parallel to the ENE-WSW trending fracture corridors,
are younger than the volcanic dikes which are dated Ladinian (Laurenzi and Visona,
1996; Mundil et al., 1996). The fracture timing is also supported by the distribution
of dolomite-bodies that largely constrained by the NNW-SSE trending dikes and
fractures, instead of the ENE-WSW trending fracture corridors. The dolomitization
event is known to be in the Late Ladinian (Carmichael et al., 2008), which is parallel
to the volcanism event.
The thickness of fracture corridors in the Latemar platform is generally similar
to those observed in the subsurface carbonate reservoir by Singh et al. (2009).
Based on seismic attributes interpretations combined with well data, the thickness
of each corridor is measured around 5 m, and some could reached up to 30 m
thick. Their length and height, however, range from few hundreds of meter up
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to a km-scale. The distribution of fracture corridors are structurally controlled,
where most of them are concentrated along the fold axis. Given the dimension and
geometry of the corridors in the subsurface, such large-scale structural features are
comparable with the corridor-complexes observed in the Latemar platform. Clearly,
observations from the Latemar platform could provide detailed information on the
internal arrangement of the fractures inside the fracture corridors.
3.6 Conclusions
The outcrop digital model provides additional insights to constrain the characteris-
tics of various geologic bodies associated with carbonate platforms. LiDAR dataset
from the Latemar platform clearly have demonstrated the advantages, epecially in
quantifying the sedimentological and structural aspects of the platform. From the
results, the stratiﬁcation patterns from diﬀerent sedimentological domains indi-
cates that the Latemar platfrom has a symmetric geometry. In the map-view, the
overall distribution of sedimentological domains in the Latemar clearly indicates
a horse-shoe platform geometry rather than a circular. Sediments in the slope
are characterized by a steep layering pattern, dipping 30º on average and perpen-
dicular to the orientation of the platform margin. In platform interior, layering is
relatively horizontal with a small degree of deviation, mainly related to the lateral
variations in facies heterogeneity, i.e. the teepee-belt. The transition from platform
interior to slope is mainly characterized by a structural discontinuity, associated
with a collapsed margin. The presence of in-situ margin is only observed at a few
locations. Detailed analysis indicates that major instability in the peripheral parts
of the Latemar platform is mainly observed during the earlier phase in platform
growth. Several hundred of meter scale blocks originated from the platform interior
have been observed inside the slope sedimets. The detachment surface is typically
ﬂaten at depth, i.e. listric shape, underlining a gravity-driven mechanism instead
of tectonic.
In the case of fracture corridors, their distribution and geometry are strongly
controlled by tectonics. This is evident from their constant orientations and ge-
ometry throughout diﬀerent sedimentological domains. In the case of corridor-
complexes, their distribution is aligned with the ﬁrst order structural lineaments.
Fractures inside the corridors have vertical dips. On aggregate their strike is sub-
parallel to that of the fracture corridor but the strikes of individual fractures can
deviate signiﬁcantly. In the Latemar platform, the lengths of fracture corridors are
equal to their heights. The ratio between length/height and the thickness, however
vary according to the size of the corridors. For corridors < 20 m long or tall, their
geometric ratio is < 10 while it is signiﬁcantly larger for corridors > 40 m long or
tall. From the termination patterns, the development of fracture corridors is much
younger than the Ladinian volcanics, as corridors commonly terminate against the
volcanic dikes.
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4.1 Introduction
Isolated carbonate platforms form major hydrocarbon reservoirs worldwide. In a va-
riety of cases, permeability is partly controlled by distributed fracturing in the form
of mode I (joints) and/or mode II (shear fractures). Challenging questions are raised
as to the origin of fractures (gravity or tectonics driven), their distribution through-
out the platform body, their orientations and type (extension or shear fractures)
and, ultimately, their roles in controlling ﬂuid ﬂow during hydrocarbon charging
and production. Relevant predictions have been obtained by performing numerical
experiments but these have been unable to predict the geometric characteristics of
fracture networks (spacing distances, height, length of fractures and their relations
to bedding) which can be obtained from outcrop studies (e.g. Underwood et al.,
2003; Boro et al., 2012).
Predicting fracture distribution through numerical modeling is particularly im-
portant for highly heterogeneous body such isolated carbonate platforms. In con-
trast to gently-dipping carbonate ramps, isolated carbonate platforms are charac-
terized by i) a distinctive 3D geometry and ii) the lateral juxtaposition of ﬁrst-order
sedimentary domains (platform interior, margin and slope) with very diﬀerent sedi-
mentological architectures that are expected to display diﬀerent mechanical behav-
iors. When such a heterogeneous system is subjected to (tectonic and/or gravity-
driven) stresses, substantial changes in the direction and magnitude of the principal
stresses are expected to occur within the platform itself. In addition, because the
various domains have diﬀerent bulk strengths, lateral variations are likely to occur
in the distribution and the type of fractures.
In this study, results from numerical experiments are discussed with the goal of
predicting the distribution and volume of fractured rocks in an isolated carbonate
platform, as well as the type and direction of the fractures as a function of chang-
ing boundary conditions (overburden, tectonic stress and mechanical properties).
Little work has been devoted to the numerical modeling of deformations associated
with carbonate platforms. Studies by Resor and Flodin (2010), Rusciadelli et al.
(2003), and Berra and Carminatti (2012), focus on structural consequences of the
progradation of heavier platform margin and interior onto lighter/softer slope and
basin sediments. These studies, however, were merely 2D, and neglected tectonic
stresses thereby only investigating syn-sedimentary features.
To better guide the models and limit the range of variables, the modeling work
is inspired by a well-known outcropping example, the Latemar platform exposed in
the Southern Alps of N Italy. The Latemar, one of the world-class Middle Triassic
carbonate platforms in the Dolomites, is an excellent natural laboratory for this
study as it is very well-known sedimentologically, and because it has been recently
the object of mapping and structural analyses (Preto et al., 2011; Boro et al., 2012).
Using a simpliﬁed version of the Latemar platform architecture as a baseline, we
ran numerical experiments to investigate how increasing overburden and the pres-
ence/absence of tectonic stresses impact the distribution of strain and the type and
orientation of fractures in the platform domains. Various mechanical parameters
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are also considered to account for diﬀerent bulk properties of the platform. The
scenarios of increasing overburden, mimicking the subsidence of the platform from
the surface to the maximum burial depth, are important because it is during this
stage that the largest diagenetic changes will take place potentially producing major
modiﬁcations in mechanical parameters (e.g. Dickson and Coleman, 1980; Sanders,
2003; Van der Kooĳ, 2009). In the last part of the paper, knowledge gathered from
numerical experiments is used to infer the stress conditions and mechanical prop-
erties of the Latemar platform during fracturing as described by Boro et al. (2012).
4.2 Model set-up and strategy
The purpose of the modeling work was to predict the distribution of fractured vol-
ume, the type and the orientation of fractures developing in an isolated carbonate
platform subjected to gravity and tectonic stresses during its path from sea-level
to the maximum burial depth. The geometry, mechanical parameters and burial
history of the model are generally inspired by the Latemar platform (Figure 4.1), but
they are also fairly similar to many subsurface isolated carbonate platforms, e.g.
Kashagan and Tengiz platforms etc.
4.2.1 The architecture of the model
The carbonate platform model in this study comprises of three internally homo-
geneous ﬁrst-order domains, the interior, the margin and the slope. Dimensions,
geometries and spatial arrangement are reminiscent of those of the Latemar plat-
form as extracted from geological maps and the literature (Bosellini, 1984; Egenhoﬀ
et al., 1999; Preto et al., 2011) and integrated with the observations from the ﬁeld
and the aerial photographs. Pre-erosional geometries were obtained using regional
and sedimentological knowledge.
Figure 4.1: Generalized facies map of the Latemar platform with inset ﬁgure showing its
location in the northern part of Italy.
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Figure 4.2: a) the 3D model used in this study. The line across the model depicts the location
of various cross-sections presented in this study. b) Representative section across the model
showing the arrangement of diﬀerent mechanical domains adopted in the model.
The platform interior has a roughly triangular shape with rounded corners (Fig-
ure 4.1 and 4.2), is ca. 2 km wide and 0.8 km thick (Emmerich et al., 2005a).
The platform margin is roughly 50 - 100 m wide and is discontinuous (Figure 4.2).
The chosen thickness is signiﬁcantly larger than the observed one (Emmerich et al.,
2005a) to enhance the eﬀects of the margin on the total results. The width of the
slope is deﬁned by assigning angles of repose. These are 30° for most of the platform
and 25° in the NE, compatible with previous sedimentological studies in the Latemar
(Kenter and Campbell, 1991; Harris, 1994; Egenhoﬀ et al., 1999; Emmerich et al.,
2005a). The entire platform model is ca. 3.5 km x 5 km across and is 0.8 km thick.
The boundaries between diﬀerent platform domains are steeply dipping to vertical
(Figure 4.2).
The platform ediﬁce lies on a 0.8 km thick basement formation and immersed
in soft basinal sediments (Livinallongo and Wengen Formations). The base and top
of the platform are horizontal. Faults are not included in the model. The whole 3D
model is 15 km x 9 km across and is 1600 m thick (Figure 4.2), and kept constant
through all the experiments. The boundaries between diﬀerent domains are geo-
metrically modeled in a 3D CAD application (RhinocerosTM) and then exported to
the ﬁnite element application (AnsysTM).
4.2.2 The mechanical model
4.2.2.1 Modeling approach
The 3D geometric model was imported in AnsysTM which is a commercial software
package to solve mechanical problems by implementing a ﬁnite element approach
(FEM). The analysis inside AnsysTM includes ﬁnalizing the 3D model, discretization,
and assignment of material properties and boundary conditions. The boundaries
between diﬀerent domains are glued, i.e. they were deﬁned as shared surfaces.
To compromise the total number of nodes, all domains were discretized by using a
tetrahedral solid element with an automatic reﬁnement at the elements.
Elasto-plastic rheologies were implemented in the model as an appropriate way
to represent deformations in the upper crust (Jaeger and Cook, 1979; Vermeer and
De Borst, 1984; Zienkiewicz and Mroz, 1984; Ord, 1991; Zoback, 2010). Assigning
mechanical properties to the large sedimentological domains composing a platform
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is not trivial. Values obtained from the literature are typically measured on small
samples (e.g. Lama and Vutukuri, 1978; Carmichael, 1982; Lézin et al., 2009) and
are probably not indicative of the bulk properties of much larger bodies character-
ized by the presence of diﬀerent lithologies and important discontinuities such as
bedding. With the presence of various discontinuity surfaces, upscaling the me-
chanical properties from well data requires a special attention (e.g. Chalon et al.,
2004; Ramos et al., 2008). In addition, measured samples are generally well lithi-
ﬁed and, therefore, are not representative of sediments close to their environment
of deposition.
Faced with these uncertainties, we adopt a simplistic approach by which we
deﬁne types of bodies characterized by stiﬀ-strong and soft-weak parameters (see
below). Various components of the platform are then assigned a stiﬀ-strong and/or
a soft-weak behavior. We present results from two series of experiments, the ﬁrst
one where gravity is the only force acting during platform subsidence and the second
one where subsidence takes place in the presence of far-ﬁeld tectonic stress.
4.2.2.2 Mechanical properties
As mentioned above, the mechanical characteristics of domains in the model were
assigned either stiﬀ-strong or soft-weak properties (Table 4.1). For domains in
the carbonate platform, their characteristics are assigned in accordance with the
sedimentological knowledge. Margin domain was assumed to have a constant strong
and stiﬀ behavior. In contrast, the characteristics of the platform interior and slope
were varied independently and were either stiﬀ and strong or soft and weak. The
basement formation was set to be always stiﬀ and strong, while basin ﬁll sediments
surrounding the platform were soft and weak.
Elastic properties of rocks are described by Young’s modulus (E) and Poisson’s
ratio (v) (Table 4.2). The Young’s modulus was varied with the highest values of
50 GPa, i.e. stiﬀ, being assigned as a constant value for the platform margin and
the basement. The platform interior and slope domains were assigned either the
same value as the margin or lower value (25 GPa), i.e. soft. As the basin sedi-
ments surrounding the platform were softer than the platform, we assigned a low
Young’s modulus. Compatible with the notion that Poisson’s ratio for carbonate
rocks is fairly constant (Lama and Vutukuri, 1978; Carmichael, 1982), the Poisson
ratio was set at 0.23, constant for all domains in the carbonate platform and for the
basement. For the basin ﬁll, 0.25 was chosen to represent its softer characteris-
tics. The assinged values are essentially in the range derived from cores and plugs
Table 4.1: Mechanical-property scenarios for diﬀerent domains in the model.
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Table 4.2: Mechanical properties for diﬀerent material characteristics. Adopted values are
largely based on the sample-scale measurements on carbonate rocks (e.g. Carmichael, 1982;
Lama and Vutukuri, 1978). Note that the cohesion values are smaller than reported due to the
scale of the model (e.g. Schultz, 1996).
measurements (Lama and Vutukuri, 1978; Carmichael, 1982)
Properties of plastic materials were assigned via the Drucker-Prager criterion
by deﬁning the cohesion and the friction angle (e.g. Zoback, 2010). In general,
while cohesion values vary signiﬁcantly for weaker or stronger rocks, the friction
coeﬃcient tends to remain constant (Zoback, 2010). The friction angle of 25° is then
assigned similarly to all domains (Table 4.2). In this study, a strong material was
associated with stiﬀ domains, while softer domains were presumed to be weaker.
For this, a high cohesion value of 3 MPa was assigned to the platform margin and
the basement. Values for platform interior and slope were varied between low and
high while investigating diﬀerent mechanical scenarios. A constant low value (2.5
MPa) was given to the basin ﬁll volume.
The adopted values are somewhat lower than typical laboratory measurements
on carbonate rocks (Lama and Vutukuri, 1978; Carmichael, 1982). This is justiﬁed
by i) the notion that strength measurements on sample-scale overestimate the pa-
rameters for the entire domain (Schultz, 1996; Schultz-Ela and Walsh, 2002) and,
ii) we analyze the material in dry-condition, meaning that we have excluded the pore
pressure impact on eﬀective stress.
4.2.2.3 Stresses and boundary conditions
The numerical experiments were set up to explore the eﬀect of two stress loading
scenarios in fracturing the carbonate platform. The general scheme depicts the
deformation processes during subsidence, which start when the platform is com-
pletely buried at its depositional depth and down to 2000 m depth. It was not our
intention to analyze the syndepositional deformation (see Resor and Flodin, 2010;
Berra and Carminatti, 2012). In the ﬁrst scenario, gravity is the only force acting
on the carbonate platform during its subsidence from the surface to 2000 m burial
depth. With a density of 2500 kg/m3 for the overburden, the corresponding verti-
cal stress (Sv) is increasing from 0 up to ~50 MPa at the top of the platform. As a
gravity-only scenario is in contrast with the ubiquitous presence of tectonic stresses
(World Stress Map by Heidbach et al. (2009)) and with the non-random orientations
of fractures in the Latemar platform (Boro et al., 2012), a second loading scenario
was conducted to include a horizontal tectonic stress directed parallel to the y axis
of the model and constant with depth.
During loading, the bottom side of the model was ﬁxed with zero displacement in
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Figure 4.3: Discretized 3D model and the boundary conditions used for various analyses in
this study.
the vertical direction (Figure 4.3). No horizontal displacement was allowed across
the sides of the model in the gravity-only experiments. When tectonic stresses
were applied, both horizontal and vertical movements were allowed on the side
perpendicular to the horizontal stress direction. All nodes in the upper side of the
model were free.
In all experiments, a gravitational body force was initially applied to equilibrate
the model under its own load. In simulating the inﬂuence of tectonic stress, the
horizontal stress was ﬁrst applied to the side of the model. Next, the vertical stress
was then systematically applied on top of the model, up to 50 MPa, to represent the
gradual increase in overburden sediments up to 2 km thick. The resulting stress
and strain were recorded for further investigations.
4.3 Stress ﬁeld and deformation in carbonate platforms: Model-
ing predictions
4.3.1 The stress ﬁeld
The direction of the principal stresses is the crucial factor in controlling fracture
orientation. Various in-situ stress measurements from various locations indicate
that one of the principal stresses is generally vertical (e.g. McGarr and Gay, 1978;
Klein and Brown, 1983; Zoback et al., 1989; Stephansson, 1993). Such behavior
mainly corresponds to the weight of the overburden formation, described as the
vertical stress (Sv). In the gravity loading scenario, Sv is generally considered as
the maximum principal stress (σ1) (Figure 4.4a). Consequently, the other principal
stresses (σ2 and σ3) are directed horizontally, acting as maximum (SH) andminimum
(Sh) horizontal stresses, and governed by the Poisson eﬀect. Under such conditions,
the diﬀerential stress (σ1–σ3) is expected to increase linearly with depth.
When tectonic stress is included in the experiments, the stress proﬁle through
depth is signiﬁcantly diﬀerent and a major modiﬁcation is observed at near sur-
face burial depths (Figure 4.4b). When subjected to 20 MPa of tectonic stress,
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Figure 4.4: Stress proﬁles through depth for a particular node in the model when subjected
to increasing vertical stress (density= 2500 kg/m3): a) under the gravity loading only, b) with
the inﬂuence of 20 MPa horizontal stress. Note the diﬀerences in the resulted diﬀerential stress
(green lines) and the orientations of principal stresses. Point i, ii and iii in the plot of Figure
4.4b refer to the explanation in the text.
for instance, the vertical stress (Sv) from the weight of overburden corresponds to
the least principal stress (σ3) down to ~300 m depth, while the maximum princi-
pal stress (σ1) is horizontal, very diﬀerent from the gravity-only loading scenario.
With increasing overburden, the magnitude of Sv then eventually exceeds both the
horizontal stresses (point i and ii in Figure 4.4b). In this setting, σ3 now becomes
horizontal similar to the gravity-only scenario. At deeper levels, the Poisson eﬀect
from the overburden has increased, and Sh becomes similar or even higher than
the tectonic stress that acts as the σ3 (point iii in Figure 4.4b).
Variations are also observed in terms of diﬀerential stress (σ1–σ3). Under the
inﬂuence of tectonic stress, the subsiding platform is ﬁrst subjected to diﬀerential
stress with magnitude that decreasing through depth. With increasing overbur-
den, the diﬀerential stress is then increasing again as the Sv becomes higher than
the horizontal stresses. Variations in stresses magnitudes and orientations have
consequences for the characteristics of the fractures developed inside the platform
body as a whole. The mechanical model predicts the position and magnitude of
the principal stress axes in all meshes of the volume. Here, we analyzed the stress
trajectories in vertical and horizontal sections across the platform. We chose to
display the σ3 axis as this controls the strike of opening mode fractures.
4.3.1.1 Stress ﬁeld in the vertical section
As discussed earlier, overburden stress (Sv) in the absence of tectonic stresses, will
largely correspond to σ1 throughout diﬀerent depths. As the result, σ3 inside the
carbonate platform body will be oriented horizontally.
Diﬀerent behavior is observed once tectonic stress is included in the experi-
ments. Changes in the stress orientations are mainly observed in the near surface
burial depth, where σ3 is ﬁrst vertical and then changes to horizontal at deeper
depth. Consequently, the orientations of σ3 inside the carbonate platform poten-
tially vary across diﬀerent levels. When the platform top is at 200 m depth and
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Figure 4.5: Sections through the platform showing the orientations of the least principal stress
(σ3) when subjected to 20 MPa of tectonic stress and 200 m of burial depth. The blue thick
line indicates where the σ3 is oblique as the vertical stress (Sv) becomes similar to minimum
horizontal stress (Sh). Note the diﬀerences in mechanical-property setups for a), b), c) and d),
where domains in dark grey are stiﬀer than those in the light grey.
subjected to 20 MPa tectonic stress, for instance, σ3 in the upper half of the ho-
mogeneously stiﬀ platform is vertical (Figure 4.5a). In the lower section, σ3 is pre-
dominantly horizontal and the transition part is characterized by a thin zone, ~100
m thick, with oblique σ3, plunging around 10° up to 80°. Such a narrow transi-
tion mainly corresponds to the condition where the magnitude of the Sv is roughly
similar with Sh (see point (i) in Figure 4.4b).
The position where Sv and Sh become relatively equal is aﬀected by the me-
chanical properties. In a homogenous platform, the position is relatively similar in
all domains of the platform due to the constant Young’s modulus. Once domains
with softer characteristics are inserted, the position of the transition zone varies
across the platform (Figure 4.5b, c, d). In general, the transition in softer domains
is located at a shallower depth compared to the stiﬀer domains.
The magnitude of the tectonic stress also aﬀects the depth at which Sv and Sh
Figure 4.6: Cumulative plots showing changes in the position of the transition zone (Sv=Sh)
with increasing magnitude of tectonic stress as indicated by the grey area, plots a) and b) are
for stiﬀ and soft mechanical characteristics respectively. Dots and grey lines in the plots refer
to the description in the text.
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become equal. Cumulative plots in Figure 4.6 indicate a gradual change in the
position of the transition zone with increasing tectonic stress magnitude. When
subjected to 35 MPa tectonic stress, for instance, the depth where Sv and Sh be-
comes similar has dropped 400~600 m from the position with 20 MPa tectonic stress
both in soft and stiﬀ domains.
4.3.1.2 Plan-view stress ﬁeld
The direction of fractures potentially developed in the platform can be predicted
on the basis of trajectories of the principal stresses. Here, the trajectories of the
minimum horizontal stress (Sh) are analyzed and plotted on a horizontal surface
placed at 400 m below the platform top.
Results from the gravity-only experiments are shown in Figure 4.7, where Sh
corresponds to the σ3. The general inspection shows that in the absence of tectonic
stress, stress trajectories are mainly controlled by the shape of the platform. For the
case in which domains in the platform are homogeneously stiﬀ (and are surrounded
by softer material of the basin), the σ3 orientations are mostly perpendicular to the
orientation of the platform, creating an essentially radial pattern of stress trajec-
tories (Figure 4.7a). Once softer domains are introduced, the σ3 directions inside
the platform deviate signiﬁcantly especially near the contact surfaces. When the
margin is the only stiﬀ component of the platform (Figure 4.7b), the σ3 is directed
parallel to the orientation of the margin domain while internally the σ3 is perpendic-
ular. These modiﬁcations become more pronounced when a major contrast exists
between the largest domains (Figure 4.7c, d), that is, the platform interior and the
slope. In this case, the σ3 trajectories in the internal part of slope and platform
interior become circular and follow the domain geometry. Such patterns are fairly
consistent throughout diﬀerent levels of the platform and burial depths.
From the experiments with tectonic stress, Sh corresponds to either σ3 or σ1, de-
pending on the depth and the magnitude of the tectonic stress (Figure 4.6), and only
in the thin zone where Sh corresponds to σ2. The stress trajectory under tectonic
Figure 4.7: Minimum horizontal stress (Sh) trajectories throughout the platform when buried
at 200 m depth and under gravity loading. Note that at this depth, Sh corresponds to σ3. The
inset ﬁgure shows the location of the horizontal sections and diﬀerences in mechanical-property
deﬁnitions adopted for ﬁgures a), b), c) and d), where domains in dark grey are stiﬀer than
those in the light grey.
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Figure 4.8: Minimum horizontal stress (Sh) trajectories throughout the platform when sub-
jected to 10 MPa horizontal stress at various burial depths for a) 800 m, b) 1250 m and c) 1500
m. Note that the Sh corresponds to σ3 at these depths. The inset ﬁgures indicate the orientation
of applied stress, material-property deﬁnitions and the location of the horizontal section inside
the platform.
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inﬂuence is characterized by a very strong alignment throughout the platform over-
lapping the mechanical diﬀerences of the domains (Figure 4.8). The Sh trajectory is
typically directed perpendicular to the direction of applied horizontal stress (Figure
4.8a) in contrast to the gravity only scenario. Small deviations could exist (< 5°) due
to mechanical diﬀerences but will disappear at higher tectonic stress magnitudes.
However, at much deeper burial depth, the inﬂuence of applied horizontal stress
becomes less apparent. This is because the Poisson eﬀect from the overburden that
has increased signiﬁcantly, becomes similar to the tectonic stress (see point (iii) in
Figure 4.4b). When the platform is buried at 1250 m depth and subjected to 10
MPa, for instance, the Sh trajectory inside the whole section of the platform has
a radial or circular pattern similar to the results from the gravity-only loading in
all material setups (Figure 4.8b). At deeper burial depth, > 1500 m, Poisson eﬀect
from the overburden has exceeded the 10 MPa of tectonic stress. As the result, Sh
trajectory is oriented parallel to the direction of applied horizontal stress through-
out the platform domains (Figure 4.8c). Changes in horizontal stress orientations
occur simultaneously throughout the platform body, mainly due to the isotropic
mechanical properties adopted in the model.
The position where the Sh orientation will change largely depends on the mag-
nitude of the tectonic stress (Figure 4.9). The change is more pronounced at low
tectonic stress magnitudes, < 15 MPa, and the depth deepens with increasing tec-
tonic magnitude. Under 5 MPa applied horizontal stress, for instance, Sh becomes
parallel to the direction of applied stress (y-axis) when the platform is buried at
~750 m depth, while it is around 1800 m depth when the tectonic stress is 15
MPa. In general, < 20 MPa of applied horizontal stress magnitude is required to
drive changes in the horizontal stress trajectories prior to 2000 m burial depth,
independent from the material setups.
Figure 4.9: Changes in the minimum horizontal stress (Sh) orientation as the function of
burial depth and applied horizontal stress magnitudes. The light grey area indicates to the
depth where the horizontal stresses inside the platform become isotropic (Sh = SH). The grey
lines in the plot refer to the description in the text.
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4.3.2 Platform-scale deformation
In elasto-plastic material model, rocks subjected to increasing stress will experience
strain ﬁrst in an elastic fashion and, once the yield point is passed, in a plastic
manner resulting in total strain which is partly recoverable and partly permanent.
In analyzing the amount of deformation, we quantiﬁed the broken or fractured
portion of the platform based on the distribution of the developed plastic strains
(e.g. Schultz-Ela and Walsh, 2002; Couples et al., 2007).
4.3.2.1 Platform deformation in a gravity-only scenario
If gravity is the only active force, the platform will experience only minor deformation
until its top subsides to depths larger than a few hundred meters (thick grey line
in the plots of Figure 4.10). Fracturing appears with increasing overburden though
at diﬀerent degrees depending on the mechanical properties adopted. At 1000 m
depth, for instance, only < 1 % of a homogeneously stiﬀ platform is broken (thick
Figure 4.10: The cumulative increase in fractured volume as the platform subsides down
to 2000 m depth under the gravity loading. Diﬀerent line patterns correspond to diﬀerent
measurement scales. Note the diﬀerences in mechanical-property deﬁnitions for a), b), c) and
d), where domains in dark grey are stiﬀer than those in the light grey. Inset ﬁgure shows the
corresponding mechanical characteristics and explanation to diﬀerent line patterns in the plots.
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grey line in Figure 4.10a), whereas this proportion increases to > 15 % when softer
domains are inserted inside the platform (thick grey line in Figure 4.10b, c, d). As
the platform continue to subside, diﬀerences in fractured volume decreases and
> 70 % of the platform is broken when buried at 2000 m, independent from the
chosen mechanical parameters.
Detailed analysis shows the behavior of diﬀerent domains during loading as in-
dicated by thin black lines in the plots of Figure 4.10. In general, when the platform
is homogeneously stiﬀ, the whole domains deformed in a similar manner (Figure
4.10a). Once softer domains are included, deformation is mainly concentrated in
the margin domain due to its stiﬀness, and results in a fully fractured margin prior
to 1500 m burial depth. The slope is the least deformed domain especially when ma-
jor mechanical diﬀerences exist between the slope and the platform interior (Figure
4.10c and d).
Vertical sections expose the distribution of the broken volume in the platform
(Figure 4.11). In the homogeneously stiﬀ platform, the deformation is essentially
distributed throughout diﬀerent domains with a similar density. When mechanical
contrasts exist between domains, deformation ﬁrst aﬀects the stiﬀ domains as a
consequence of the high Young’s modulus. Only at depths, > 1500 m, deformation
is observed in the entire platform. As a result, a higher degree of plastic straining
is observed mainly in the stiﬀer domains.
4.3.2.2 Experiments with tectonic stresses
As discussed earlier in section 4.3.1, the addition of horizontal tectonic stress re-
sults in changes in the state of stress at diﬀerent depths. The diﬀerential stress
inside the platform ﬁrst decreases as the platform subsides. With increasing over-
burden, the diﬀerential stress inside the platform then gradually increases through
depth. Such alteration will signiﬁcantly aﬀect the development of fractured volume
throughout the platform body. When the platform subsides under the inﬂuence of
10 MPa tectonic stress, for instance, no fracturing occurs in the platform for the
ﬁrst few hundred meter burial depths, similar to the gravity-only scenario (blue
lines in the plots of Figure 4.12). The increase in broken volume though occurred
at higher degree, resulting in a fully fractured platform at < 1500 m burial depth,
independent from the mechanical properties adopted.
At higher magnitudes of tectonic stress, the platform is already fractured when
buried at its depositional depth. Under the inﬂuence of 20 MPa of tectonic stress
(grey line in the plots of Figure 4.12), for instance, up to 18 % of the homogeneously
stiﬀ platform is fractured (Figure 4.12a), while it is less if softer domains are present
(Figure 4.12b, c, d). As the platform subsides, the fractured volume is constant and
no further fracturing is observed due to decreasing diﬀerential stress at shallow
burial depth. A new deformation occurs inside the platform only at depth, due to
higher diﬀerential stress, and the fractured volume then increases with depth. In a
homogeneously stiﬀ platform, the new deformation is expected to occur at > 2000
m burial depth (Figure 4.12a). When softer domains are present, the additional
fracturing occurs at ~1500 m depth and the distribution of the fractured volume
reaches ~70 % of the platform at the end of the subsidence, i.e. 2000 m burial
depth. With increasing magnitude of tectonic stress, the depth of new deformation
is expected to deepen gradually. Under 30 MPa tectonic stress, the fractured volume
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Figure 4.12: The cumulative increase in fractured volume as the platform subsides to 2 km
depth under various tectonic stress magnitudes as indicated by diﬀerent line patterns. Note
the diﬀerences in mechanical-property deﬁnitions for plots a), b), c) and d), where domains
in dark grey are stiﬀer than those in the light grey. Inset ﬁgure indicates the corresponding
mechanical characteristics and explanation to diﬀerent line patterns in the plots.
is constant down to 2000 m burial depth and the additional fracturing is expected
at much deeper setting, ~2500 m (black lines in the plots of Figure 4.12).
The distribution of the fractured volume under the inﬂuence of tectonic stress (20
MPa) is summarized in Figure 4.13. When the platform is buried at its depositional
depth, deformation is already visible aﬀecting domains with stiﬀer characteristics,
especially in the upper section of the platform. At 1000 m burial depth, no changes
in the distribution of fractured volume are observed, regardless of the material
property deﬁnitions. Only in the deeper setting, when the diﬀerential stress is high,
the fractured volume increases and impacts the lower sections of the platform.
General inspection shows that the distribution of deformation is fairly constant for
domains with similar mechanical characteristics. In this case, slope and platform
interior experience a strain intensity similar to that in the margin when they are
similarly stiﬀ.
In the cumulative plots of Figure 4.14, we mapped the development of the
fractured volume as the platform subsides under various magnitudes of tectonic
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Figure 4.14: Cumulative plots showing the amount of broken volume as the function of
increasing burial depths and applied horizontal stress magnitudes. The grey area indicates
the depthwhere the subsidence-related fracturing will occur. Contour lines showing the amount
of broken volume. Plots a), b), c) and d) are for diﬀerent mechanical-property deﬁnitions, where
domains in dark grey are much stiﬀer than those in the light grey.
stress and for diﬀerent mechanical setups. The general inspection shows that ma-
jor subsidence-related fracturing (grey area in the plots of Figure 4.14) is mainly
observed only when the tectonic stress is < 15 MPa. At these magnitudes, the whole
platform is potentially fractured prior to 2000 m burial depth, independent from the
material setups adopted. At higher magnitudes of tectonic stress, major fracturing
developed when the platform is buried at its depositional depth. New deformation
occurs only at > 1500 m burial depth but contributes only a small increase or has
no impact on the fractured volume.
4.3.3 Mode of fracturing
Two modes of fracturing are generally recognized in structural studies, opening
(mode I) and shear (mode II) fractures. The stress conditions under which they
develop are not well constrained from experiments and/or real world. However, it
is generally accepted that one of the principal stresses should be tensile in order to
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develop opening mode fractures (e.g. Bai et al., 2000; Eichhubl and Aydin, 2003).
From the Mohr diagram, the Mohr circle or the diﬀerential stress (σ1–σ3) should also
be small enough to contact the Mohr-Coulomb envelope at its intersection with the
horizontal axis (τ = 0).
As the state of stress in the earth is generally compressive (Cloetingh, 1986;
Zheng et al., 1989; Zoback, 2010), the presence of a tensile stress regime largely
corresponds to the ﬂuid pressure in the pore system, acting against the direction
of applied stresses (e.g. Cosgrove, 1998; Finkbeiner et al., 2001). In performing
the analysis, however, we have excluded the pore pressure parameter in all the ex-
periments. Therefore, we have adopted the Mohr diagram approach in determining
the types of the fractures (e.g. Cosgrove, 1998; Sibson, 1996). By reworking Grif-
ﬁth’s criterion, mode I fracturing occurs when the diﬀerential stress (σ1–σ3) is less
than four times the tensile strength (T), while mode II fracturing will occur if the
corresponding diﬀerential stress is higher than the four times the tensile strenght
(T). In this study, the boundary between open and shear fractures is conventionally
set at diﬀerential stress (σ1–σ3) equal to 28 MPa and further described as critical 4T
(Vajdova et al., 2004). At sample scale measurements, the value corresponds to an
average tensile strength of 7 MPa for carbonate rocks (Esu et al., 1994; Lézin et al.,
2009).
4.3.3.1 The position of the 4T surface with gravity only
As discussed in section 4.3.1, the platform subsiding under gravity loading will
experience diﬀerential stress that increases with depth. Such conditions then limit
the position of the boundary between open and shear fractures to a particular depth.
Figure 4.15: Cross-sections through platform showing the diﬀerential stress (σ1–σ3) magni-
tude inside the platform to deﬁne the position of the boundary between mode I and mode II
fracturing. The platform is buried at 1200 m depth and subjected to gravity load only. Plots a),
b), c) and d) are for diﬀerent mechanical-property deﬁnitions, where domains in dark grey are
much stiﬀer than those in the light grey.
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Figure 4.16: Cross-sections through platform showing the position of the boundary between
mode I and mode II fracturing when the platform is subjected to 5 MPa tectonic stress and
buried at 1200 m depth. Plots a), b), c) and d) are for diﬀerent mechanical-property deﬁnitions,
where domains in dark grey are much stiﬀer than those in the light grey.
In a homogeneously stiﬀ platform, the boundary is located at ca. 1700 m depth and
generally ﬂat through diﬀerent domains (Figure 4.15a). Consequently, when the top
of the platform is at burial depths of < 900 m, the entire platform will be in the ﬁeld
of mode I fracturing, while when it is at > 1700 m the entire platform will potentially
be aﬀected by mode II fractures.
When the material properties change laterally, the boundary between open and
shear fractures will display a stronger variation in its topography generally acquiring
shallower depths in stiﬀ domains and vice versa for soft domains (Figure 4.15b, c,
d). As a consequence, opening mode fracturing is more pronounced inside the
softer domains. The modeling suggests a variation of > 400 m in the position of the
boundary due to diﬀerences in stiﬀness scenarios.
4.3.3.2 Tectonic inﬂuence on the 4T surface
Applying a horizontal tectonic stress to the platform bears major consequences for
the position of the 4T surface. When the platform subsides, the diﬀerential stress
ﬁrst decreases for the ﬁrst few hundred meters of burial depths. Due to the con-
stant tectonic stress but increasing overburden, the diﬀerential stress eventually
increases rapidly and changes the position of the 4T surface. Under the inﬂuence
of 5 MPa tectonic stress, for instance, the boundary is located at a shallower depth
compared to the gravity only scenario (Figure 4.16). In a homogeneously stiﬀ plat-
form, the boundary is observed at 1200 m depth (Figure 4.16a). Similar behavior is
predicted for the morphologically more varied 4T surfaces developed with heteroge-
neous mechanical properties (Figure 4.16b, c, d).
The position of the 4T surface then deepens gradually with increasing tectonic
stress magnitude (Figure 4.17). At 20 MPa of tectonic stress, the 4T surface is
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Figure 4.17: Cumulative plots showing the position of the boundary between mode I and
mode II fracturing as a function of burial depths and tectonic stress magnitudes. The grey
area inside each plot indicates a zone where the diﬀerential stress (σ1–σ3) < 28 MPa when the
platform subsides > 100 m. Note the diﬀerences in mechanical-property deﬁnitions adopted
for ﬁgures a), b), c) and d). The inset shows the corresponding mechanical characteristics and
explanations for diﬀerent line patterns. Dots in the plots correspond to the descriptions in the
text.
located at ~2000 m depth inside the homogeneously stiﬀ platform (Figure 4.17a),
much deeper than the position under gravity only. Similar behavior is also observed
in the platform with heterogeneous properties (Figure 4.17b, c, d). However, at a
tectonic stress > 30 MPa, another 4T surface is developed close to the surface with
a pattern that mirrors the initial boundary at depth. The two boundaries essentially
create a zone where the diﬀerential stress is < 28 MPa and deepens with increasing
tectonic stress magnitude.
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4.3.4 Composite plots of fracturing
Superimposing the information from stress ﬁelds and 4T surfaces on the maps
showing the distribution of broken parts of the platform, we derive predictions
for the fractures eﬀectively developing throughout the burial depth. To construct
the ﬁgures, results are plotted by assuming that an increase in strain intensity is
accommodated by the development of new fractures instead of further opening in
mode I fractures or further displacement in mode II fractures. This will lead to
overprinting of diﬀerent fracture types during the deformation.
4.3.4.1 Fracturing under gravity-only loading
As described in section 4.3.2.1, a platform that is subsiding under the gravity-
only loading will experience fracturing after a few hundreds of meter burial depth,
aﬀecting only small portion of the platform. The deformation is typically dominated
by mode I fracturing due to low magnitudes of diﬀerential stress. With progressive
subsidence, mode II fracturing will proportionally become more important in the
increasing volume of broken platform.
In a homogeneously stiﬀ platform (Figure 4.18a), fracturing starts after 1000 m
burial depth and is distributed mainly in the lower section of the platform. As a
result, mode II fracturing is more dominant in the broken volume of the platform
due to high diﬀerential stress. When the platform reaches 2000 m burial depth,
the entire broken volume is aﬀected only by shear fractures. The proportion of
diﬀerent fracture types is diﬀerent in a platform with heterogeneous mechanical
setups (Figure 4.18b, c, d). Deformation inside a heterogeneous platform typically
starts after 500 m of burial depth, far from the conditions that deﬁne the boundary
betweenmode I andmode II fracturing. Such condition results in the development of
mode I fracturing, notably inside the stiﬀer domains (blue area in the plots of Figure
4.18). The broken volume with mode I fractures then expands with increasing
overburden but is limited once the top of the platform is located at the boundary
between mode I and mode II fracturing, i.e. 4T surface. Further deformation is
then accommodated by shear fracturing while overprinting the previously developed
mode I fractures (pink and striped area in the plots of Figure 4.18).
While the mode I fractures that developed under gravity loading are vertical, their
directions in a plan view will vary across the platform. The stress ﬁeld suggests,
gravity-driven opening mode fractures tend to follow the geometry of the platform,
either parallel or perpendicular to the orientation of the margin, depending on the
mechanical contrast between domains. Similar behavior is also valid for the orienta-
tions of mode II fractures that are associated with normal faulting as σ1 corresponds
to the overburden or vertical stress (Sv).
4.3.4.2 Tectonic-driven fractures
The development of fractures under the inﬂuence of tectonic stress is signiﬁcantly
diﬀerent and largely depends on the magnitude of the tectonic stress. For mag-
nitudes of tectonic stress < 15 MPa, the principal stresses trajectories inside the
platform vary signiﬁcantly through burial depth, and the platform is potentially
fully fractured prior to 2000 m depth. When subjected to 10 MPa tectonic stress
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Figure 4.19: Cross-sections through platform showing the distribution of diﬀerent fracture
types (color coded), developed when the platform reaches 2000 m burial depth under the
inﬂuence of 10 MPa (a) and 20 MPa (b) of tectonic stress. Striped areas of diﬀerent colors
indicate overprinting of diﬀerent fracture types. Note the diﬀerences in mechanical-property
deﬁnitions, where domains in dark grey are much stiﬀer than those in the light grey.
(Figure 4.19a), for instance, fracturing in the platform body is observed after 300-
500 m of burial depth, similar to the gravity only scenario. This fracturing phase
is related to the development of vertical opening mode fractures, directed parallel
to the direction of tectonic stress (blue area in the plots of Figure 4.19a). With pro-
gressive subsidence, the fractured volume under tectonic inﬂuence increase more
rapidly than those in gravity loading, and at ~1300 m burial depth, changes in
the horizontal stress trajectories occur, triggering the development of opening mode
fractures that are mainly perpendicular to the tectonic stress while overprinting the
previously developed fracture set (deep blue area and stripes in the plots of Figure
4.19a). Shear fracturing becomes visible only at much deeper burial depth, mainly
overprinting the previously developed fractures (pink area and stripes in the plots
of Figure 4.19a). A dramatic increase in fractured volume combined with a rela-
tively deep 4T surface results in a very wide distribution of opening mode fractures,
especially in the domain with soft mechanical characteristics. At the end of sub-
sidence, when the top of the platform is at 2000 m depth, opening mode fractures
have aﬀected ~55 % of the homogeneously stiﬀ platform and up to 90 % if softer do-
mains are present in the platform. The distribution of opening mode fractures under
tectonic inﬂuence is cleary higher than the results from gravity loading scenario.
At a higher tectonic stress magnitude of 20 MPa (Figure 4.19a), fracturing is
developed even when the platform is buried at its depositional depth. This deforma-
tion results in predominantly horizontal opening mode fractures, due to the vertical
σ3, distributed in the upper section of the domains with stiﬀ mechanical character-
istics (light blue area in the plots of Figure 4.19b). When the platform subsides, no
fracturing is observed as the diﬀerential stress decreases for the ﬁrst few hundreds
of meter burial depth. New deformation is only visible at > 1000 m depth, where the
diﬀerential stress is high enough for additional fracturing. Consequently, i) vertical
opening mode fractures parallel to the direction of tectonic stress are very limited,
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or absent (blue area and stripes in the plots of Figure 4.19b), ii) deformation is
dominated by shear fracturing or normal faulting, due to vertical σ1 (pink area in
the plots of Figure 4.19b), and iii) a signiﬁcant part of the platform is not fractured
and no changes in horizontal stress trajectories at the end of subsidence (platform
top = 2000 m depth).
4.4 A FEM for the Latemar platform
The numerical models developed above have led to the deﬁnition of a number of
loading scenarios and related fracture patterns. In this section, we apply the mod-
eling results to estimate the mechanical and tectonic conditions during fracturing in
the Latemar platform through a comparison between the stress and strain patterns
with the characteristics of distributed fractures in the Latemar platform as reported
by Boro et al. (2012) (Chapter 2).
4.4.1 General features of the Latemar platform
4.4.1.1 Overall architecture
The Latemar is one of the isolated carbonate platforms exposed in the Dolomites
of North Italy (Figure 4.1). The platform was deposited during the Ladinian pe-
riod (Middle Triassic) but the persistent subsidence of the Latemar platform and the
surrounding systems is only well documented up to Early Jurassic sediments. Here-
after, the lack of Jurassic to Cretaceous sediments prevents any accurate estimate
of the maximum depth of burial which is estimated at ca. 2000 m (e.g Rantitsch,
1997; Emmerich et al., 2005b). The Dolomites have been exhumed during Alpine
contraction along the predominantly S-vergent thrusts and have experienced only
limited internal deformation.
The Latemar platform comprises three ﬁrst order sedimentological domains, i.e.
the platform interior, the margin and the slope (Figure 4.1), resting on a basement
composing Annisian carbonate and Permian metamorphic rocks. The platform in-
terior itself is characterized by well-bedded sequences with strong lateral continuity
of lagoonal facies (Egenhoﬀ et al., 1999; Peterhansel and Egenhoﬀ, 2008). The
slope materials are predominantly coarse with poorly developed bedding and are
deposited in steep environments (Kenter, 1990; Kenter and Campbell, 1991; Harris,
1994). Materials in the margin are characterized by massive formation of bound-
stone and rich in microbial cements (Goldhammer and Harris, 1989; Harris, 1993;
Emmerich et al., 2005a; Marangon et al., 2011). In the Latemar, the distribution
of the margin is not continuous due to extensive syn-depositional collapse of the
peripheral part of the platform (Emmerich et al., 2005a; Seeling et al., 2005; Preto
et al., 2011). The carbonate platform passes laterally to the basinal sediments,
known as the Livinnalongo Formation, and is overlain by a carbonate system that
continued until Rhaetian.
4.4.1.2 Structural features
Structural analysis from previous work in the Latemar platform (Boro et al., 2012)
has provided an unprecedented fracture database. The ﬁeld observations indicate
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Figure 4.20: The general characteristics of distributed fracturing in the Latemar platform
(redrawn from Boro et al. (2012)); Figures a) and b) show the main orientation of the frac-
tures; Plots c), d), and e) indicate the cumulative distribution of fracture spacing in diﬀerent
sedimentological domains.
that the entire Latemar platform is fractured. With the exception of fracture corri-
dors, we could not detect any spatial diﬀerence in the fracture intensity. Fractures
are always sub-vertical and organized in two sets based on their orientations (Figure
4.20a, b). These orientations do not change moving from one domain to the other.
More detailed analysis shows that fractures are typically in opening mode (mode I).
The only shear movements that have been identiﬁed are reactivations of the contact
plane between volcanic dykes and country rock with a strike-slip component.
Fractures of the two sets display signiﬁcant diﬀerences in spacing, height and
patterns of terminations across diﬀerent sedimentological domains. Based on the
diﬀerences between the characteristics of the sets, Boro et al. (2012) argue that
fracturing must have taken place during burial, prior to the maximum burial depth.
This is compatible with the parallelism between fractures and volcanic dykes, which
have dated at 232-238 Ma (Laurenzi and Visona, 1996; Mundil et al., 1996).
4.4.2 A comparison with the Latemar platform
The persistence in the orientations of both fracture sets in the Latemar platform
clearly highlights the inﬂuence of far ﬁeld tectonic stress. Such tectonic phases
are coeval with the Ladinian compressive deformation in the region that has been
reported in many studies (e.g. Blendinger, 1985; Bosellini et al., 2003). The absence
of horizontal fractures in the Latemar indicates a rather low magnitude of tectonic
stress. As the fractures in the Latemar are predominantly in opening mode, fractur-
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Figure 4.21: Composite plot of deformation for mechanical composition that best-ﬁts the
fracturing in the Latemar platform. In this case, the margin and platform interior are equally
stiﬀ, while slope is softer. The plot is constructed by combining the cumulative changes in the
stress ﬁeld, development of fractured volume and the boundary between mode I and mode II
fracturing under the inﬂuence of tectonic stress. Note the diﬀerent fracturing zones as indicated
by areas with diﬀerent colors. The thick black line showing the preferred tectonic stress
magnitude, while the white dots refer to the description in the text.
ing should took place at relatively shallow burial depth, promoting the development
of vertical opening mode fractures under low magnitudes of diﬀerential stress. Us-
ing fracture spacing measurements as the proxy for fracture intensity (Figure 4.20c,
d, e), the characteristics of distributed fracturing in the Latemar platform are best
modeled when the platform interior is equally stiﬀ as the margin while the slope
sediments are softer. This analysis is solely based on the fact that fracture spacing
in the margin and platform interior is narrow, while it is signiﬁcantly wider in the
slope. Based on this composition, results from the modeling could be used to esti-
mate the magnitude of tectonic stress and the depth of deformations in the Latemar
platform.
To construct the picture, the cumulative plots indicating changes in the stress
ﬁeld (in Figure 4.6 and 4.9), the development of broken volume (in Figure 4.14), and
the position of the 4T surface (in Figure 4.17) throughout various tectonic stress
magnitudes are combined into one plot as shown in Figure 4.21. From the plot, it
has to be concluded that the magnitude of tectonic stress should be < 10 MPa to
allow the development of vertical joints prior to 2000 m burial depth. The model
indicates that fracturing ﬁrst occurred when the platform was buried at ~300 m.
At this depth, the entire section of the platform experienced fracturing with vertical
joints, directed parallel with the orientation of tectonic stress. In the Latemar plat-
form, such a fracturing phase is related to the formation of the NNW–SSE joint set,
parallel to the Late Ladinian volcanic dikes and tectonic compression (Blendinger,
1985). When the platform reaches ~1000 m depth and > 50 % of the platform is
broken, changes in the horizontal stress ﬁelds occur where σ3 now oriented parallel
to the tectonic stress. Such changes then lead to the development of joints directed
perpendicular to the tectonic stress. In the Latemar, this phase is related to the
development of the ENE-SSE joint set. When the top of the platform reaches 2000
m depth, the entire platform body is already broken, and shear fracturing might
have superimposed or re-activated the previous joint sets.
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Figure 4.22: The proportion between diﬀerent fracture types, excluding the overprinting eﬀect,
as aﬀected by diﬀerent deﬁnitions for the boundary between mode I and mode II fracturing, a)
4T = 28 MPa, b) 4T = 40 MPa. The inset shows the explanation for diﬀerent colors in the plots.
Results from the modeling ﬁt several aspects on the characteristics of distributed
fracturing in the Latemar platform. This is particularly evident from the role of tec-
tonic stress to allow a fully fractured platform prior to 2000 m and for the develop-
ment of two perpendicular fracture sets with persistent orientation. The distribution
of the fractures also ﬁts with the adopted mechanical property scenarios. A discrep-
ancy, however, is observed in the proportion between mode I and mode II fractures.
Modeling predicts that shear fractures in the form of normal faults should also be
present in the platform (Figure 4.22a) while the Latemar is fractured mainly by ver-
tical opening mode fractures (Boro et al., 2012). Two factors might have contributed
to such a disagreement. Firstly, the adopted value for the boundary between mode
I and mode II fracturing, i.e. critical 4T = 28 MPa, is rather low. A better result is
obtained if the boundary is set at diﬀerential stress of 40 MPa which corresponds
to 10 MPa of tensile strength at sample scale measurement (Figure 4.22b). An-
other explanation is related to the recent geological processes, i.e. exhumation and
weathering, that might have enhanced the fracturing in the Latemar platform.
4.5 Conclusion
The numerical modeling conducted in this study has shown how the external stress
loading and material properties will aﬀect the fracturing inside the isolated carbon-
ate platform, especially during subsidence. The results are particularly important
to provide additional insights for fracture predictions in sub-surface reservoirs with
similar geological settings.
In general, fracturing under gravity loading will take place only when the plat-
form is buried at signiﬁcant depth. However, the increase in fractured volume is
low, and results in a very limited distribution of vertical opening mode fractures,
while shear fracturing is more dominant especially inside the stiﬀer domains. The
orientation of the fractures developed under gravity loading follows the shape of the
platform, either parallel or perpendicular depending on the mechanical contrasts
between domains.
The deformation is diﬀerent when the platform subsides under the inﬂuence of
far ﬁeld tectonic stress. Fractures tend to have constant orientations, despite the
Stress and Strain Predictions: FEM Analysis 103
presence of domains with diﬀerent mechanical behaviors. The degree of fracturing
and the type of the fractures are highly inﬂuenced by the magnitude of tectonic
stress. At low magnitudes of tectonic stress (< 10 MPa), the fracturing takes place
at a depth similar to the gravity-only case, but the broken volume increases dramat-
ically to a fully fractured platform at relatively shallow burial depth. Consequently,
vertical joints are abundant especially inside the domains with softer character-
istics. In addition, two perpendicular joint sets are potentially developed due to
changes in the stress ﬁeld. Such conditions are particularly applicable for the frac-
turing in the Latemar platform. At higher magnitudes of tectonic stress, the platform
is already broken at near surface, producing mainly horizontal joints. However, no
additional fracturing occurs as the platform undergoes a burial process and a sig-
niﬁcant part of the platform is potentially not fractured even when buried at 2000
m depth.
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5
Fluid ﬂow patterns in fractured carbonate reservoirs:
Results from systematic fracture network modeling
and dual-porosity/permeability simulations
Largely based on: Boro, H., Rosero, E. and Bertotti, G., submitted. Fracture net-
work analysis of the Latemar Platform (N Italy): An alternative workﬂow in fractures’
hydraulic properties calculations for reservoir-scale models. Petroleum Geoscience.
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5.1 Introduction
In carbonate reservoirs, the permeability ﬁeld is commonly inﬂuenced by the pres-
ence of fracture networks (e.g. Cappa et al., 2005). Depending on their characteris-
tics (open or closed), fractures can act either as ﬂuid conduits or complete barriers
that will compartmentalize the overall ﬂuid ﬂow behaviors inside the reservoir (e.g.
Antonellini and Aydin, 1995; Fisher and Knipe, 2001). Therefore, it is necessary
to understand the overall fracture network characteristics throughout the reservoir
body (orientations, distributions, geometry) and their relations to various geologic
parameters, e.g. bedding, lithology and structures (e.g. Wennberg et al., 2006;
Storti et al., 2011). In investigating ﬂuid ﬂow behaviors, a dual continuum model
is often used to represent the fractured carbonate reservoir (e.g. Waren and Root,
1963; Nardon et al., 1991; Manrique et al., 2007). In such a model, matrix and
fractures are considered to be two separate mediums in which the transfer function
deﬁnes the interaction between the two mediums during the ﬂuid ﬂow simulation
(e.g. Kazemi et al., 1992). Correspondingly, the hydraulic properties for matrix and
fractures are assigned separately in the model.
In populating a reservoir model, the hydraulic properties of the matrix are pri-
marily derived from direct measurements on reservoir rocks (e.g. Bennett et al.,
1990; Parra et al., 2003). On the contrary, fractures’ hydraulic properties are best
estimated from fracture network realizations and upscaling (Rodriguez et al., 2006;
Kfoury et al., 2006; Kozubowski et al., 2008) or from the well productivity (Niemi
et al., 2000; Cappa et al., 2005). Two main challenges are then evident related
to fractures’ hydraulic properties calculation for subsurface reservoirs. First, frac-
tures are mostly observed only from well data such as cores and image-logs (Iver-
son, 1992; Narr et al., 2008; Li et al., 2011). With limited observations, fracture
distributions and their geometrical characteristics throughout the reservoir body
are poorly constrained. Secondly, fracture modeling and upscaling processes are
computationally intense and time consuming (Kasiri and Bashiri, 2011), especially
for a reservoir-scale model. On many occasions, fracture network characteristics
in the reservoir are often simpliﬁed through subjective operations that overlook the
geologic controls on fracture populations (e.g. Hui et al., 2007).
To address the problem with fracture observations in the subsurface, outcrop
studies should be integrated in developing a fracture model. In contrast with the
subsurface, outcropping reservoir analogues provide clear descriptions on fracture
geometry, distribution and, more importantly, their relation to geologic features and
controlling factors, i.e. bedding, lithology and structural positions (e.g. Underwood
et al., 2003; Cooke and Underwood, 2001). Incorporating results from outcrop stud-
ies to constrain the fracture model will surely complement the subsurface dataset
(Yose et al., 2001; Meurer et al., 2005; Hitchmough et al., 2007).
In this chapter, an alternative workﬂow in fracture modeling and upscaling has
been implemented. The adopted workﬂow combines the robust analysis on fracture
network characterizations derived from outcrops observations and the eﬃciency of
small-scale fracture models during the computation. Smaller scale models are more
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Figure 5.1: Fracture characteristics in Latemar platform (redrawn from Boro et al., 2012);
ﬁgure a) and b) show the orientation of the fractures for ENE-WSW and NNW-SSE sets respec-
tively, plots c) and d) show the general characteristics of fracture heights and fracture spacing
respectively, for diﬀerent sets inside various sedimentological domains.
preferable than the reservoir-scale ones, to allow for multiple fracture network re-
alizations that are very important to account for various uncertainties related to
fracture parameters and the stochastic approach that was adopted during the mod-
eling. In addition, a detailed distribution of any geologic features could be integrated
inside the model, especially those that have signiﬁcant controls on fracture popu-
lations, e.g. bedding and lithology. The upscaling results have then been used to
populate a simpliﬁed reservoir grid with fractures’ hydraulic properties, guided by
the geological constraints. The resulting reservoir grid has then been used to run
a series of dual porosity/permeability ﬂuid ﬂow simulations. For this study, the
extensice fracture characterization performed in the Latemar platform (Boro et al.,
2012) has been used to base the overall analysis. The results then provide a deeper
insight on the role of fracture network characteristics in partitioning the ﬂow be-
haviors across diﬀerent sedimentological domains in a carbonate reservoir. Such
ﬁrst order information will certainly help in deﬁning the development strategy of
subsurface reservoirs.
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5.2 Distributed fractures in the Latemar platform
The Latemar platform is one of the isolated carbonate platforms developed in the
Dolomites region of N Italy. The platform was deposited during the Ladinian time, in
the western margin of the Tethys Ocean (Goldhammer and Harris, 1989; Egenhoﬀ
et al., 1999). The persistent subsidence of the platform is not well documented due
to the lack of Jurassic sediments in the region. It is estimated that the platform
could have reached ~2000 m depth prior to the Alpine orogeny, that have brought
the entire Dolomite region into its present day elevation (Rantitsch, 1997; Emmerich
et al., 2005b). The Latemar platform is renowned for its well-preserved carbonate
successions that escaped a regional-wide dolomitization (Carmichael et al., 2008),
and has been the object of numerous sedimentological investigations (e.g. Gold-
hammer and Harris, 1989; Harris, 1994; Marangon et al., 2011). In the recent
years, several structural analyses have been performed on the platform, focusing
on diﬀerent scales of structural features (Preto et al., 2011; Boro et al., 2012).
Based on the ﬁeld observations, the whole domains in the Latemar platform
are generally fractured (Boro et al., 2012). Limited numbers of faults have been
identiﬁed (Preto et al., 2011), but opening mode fractures or joints appear more
dominant aﬀecting the entire successions in the Latemar. Based on the orientations,
fractures are generally grouped in two diﬀerent perpendicular sets, trending NNW-
SSE and ENE-WSW. A lineament study by Preto et al. (2011) indicates that the
NNW-SSE trending structures are much longer than the ENE-WSW structures. No
signiﬁcant diﬀerences are identiﬁed related to the intensity of both fracture sets.
A more detailed analysis on fracture characteristics indicates a variation that is
related to ﬁrst order sedimentological domains, i.e. slope, margin and platform
interior, and to diﬀerent orientation sets (Figure 5.1). Based on the diﬀerences in
fracture patterns of diﬀerent sets, Boro et al. (2012) argued that the NNW-SSE set
is older than the ENE-WSW set. Such fracture timing is also supported by the
crosscutting relationships of large structural features (fracture corridors) and the
importance of NNW-SSE fractures in controlling the distribution of dolomite bodies
and volcanic dikes (Chapter 3). Both dolomites and volcanic dikes are known to be
Late Ladinian in age (Visona, 1997; Carmichael et al., 2008).
5.2.1 Statistical Parameters of Fractures’ Geometry and Distribution
Fracture database from the Latemar platform consists of more than 1500 fractures,
collected from various locations that represent diﬀerent sedimentological and struc-
tural settings. Fractures were acquired through DigiFract, an acquisition method
that enables a 2D description of fracture patterns and distributions, integrated
with diﬀerent geologic parameters measured from the same outcrop. For a model-
ing purpose, further processing is required to extract the statistical parameters of
the fracture network and to characterize the nature of fracture orientations, size
distributions and the calculation of fracture intensity. The analysis has been done
for each outcrop inside the slope, margin and platform interior, and for fracture
corridors. The resulting statistical values were also used as input parameters in
fracture modeling.
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5.2.1.1 Fracture Orientations
To characterize the fracture orientation, the poles of fracture’s plane derived from
each outcrop were analyzed in a stereoplot. The overall distribution of the poles
was then ﬁtted with the univariate Fisher distribution, in which the statistical de-
scription of fracture orientations is represented by the mean (strike and dip) and
the deviation of the overall data points or described here as the dispersion level (κ
- dimensionless). Both fracture sets are predominantly vertical. The fractures of
NNW-SSE set are striking N 340º E averagely while the fractures of ENE-WSW set
are striking N 70º E. The dispersion level typically ranges from 0 up to several thou-
sand. Low κ values indicating highly dispersed fracture orientations and vice versa
for high κ values. From the analysis, both fracture sets have a similar characteristic
of dispersion level (κ) of 80 averagely (Figure 5.2a).
5.2.1.2 Fracture Size
As fractures were captured in a 2D fashion, the database from the Latemar platform
then contains a massive collection of fracture heights. The overall distribution of
fractures size indicates that fractures in the Latemar platform formed a multiscale
system, where fracture size range from a few centimeters up to tens of meters
tall (Boro et al., 2012, Chapter 2). The information on fracture size (heights) is
particularly important as it is mostly absent in subsurface data. For a modeling
purpose, the cumulative distribution of fracture size in each outcrop was analyzed
to extract the statistical parameters through a best-ﬁtting process with various
distribution patterns, i.e. lognormal, exponential or normal (see Figure 5.2b for an
example). The results indicate that the distribution of fracture sizes at an outcrop
scale is best described by a lognormal distribution plot. The associated statistical
parameters, i.e. the maximum and minimum values, lognormal mean and standard
deviation, were also recorded.
5.2.1.3 Fracture Intensity
In fracture studies, fracture abundance is often estimated from fracture densities
or spacing distances (e.g. Ladeira and Price, 1981; Narr and Suppe, 1991; Laubach
et al., 2009). Spacing or density information, however, is misleading as it neglects
Figure 5.2: Fracture characteristics in the Latemar platform, a) dispersion level of fracture
orientations in all outcrops, b) example of fracture size distribution ﬁtting, and c) cumulative
distribution of volumetric fracture intensity (P32) of all outcrops.
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the 3D arrangement of the fractures, the dimensionality of the measurements and
the sampling structures (Dershowitz and Einstein, 1988). To clearly describe the
fracture abundance, the terminology proposed by Dershowitz (1984) has been imple-
mented in this study. Many outcrop-based fracture studies have measured fracture
densities from 1D scan lines (e.g. Di Naccio et al., 2005; Gross, 1993), which is es-
sentially similar to those derived from the subsurface such as cores and image logs
(e.g. Narr et al., 2008). Here, fracture density is deﬁned as the number of fracture
intersections per unit length (described as P10). In the Latemar platform, fractures
were acquired over an area with clear measurements on their heights. The database
enables a 2D deﬁnition of fracture abundance, deﬁned here as the total height of all
fractures per unit area or P21. The complete description, however, should be given
in the form of volumetric intensity (P32), deﬁned as the total area of the fracture
surfaces per unit rock volume. The 3D deﬁnition of fracture abundance clearly
accounts for the height, the length and the shape of each fracture. When fracture
aperture data are available, a direct conversion from P32 to fracture porosity (P33)
is possible. Here, fracture porosity is deﬁned as the total volume of the fractures
per unit rock volume (Dershowitz, 1984).
P21 = P32
π
0
sin(ϱ)fbdϱ = P32=C23 (5.1)
Acquiring a P32 value, however, is diﬃcult as fracture observations are generally
limited on 2D surfaces of the outcrops or along the 1D scan lines. In many cases,
P32 value is often estimated through analytical solutions from stochastic simula-
tions based on P21 or P10 (e.g. Mauldon, 1994; Thovert and Adler, 2004; Wang,
2005). In this study, a stereological method proposed by Wang (2005) has been
adopted for more straightforward implementation. The mathematical description of
transforming P21 to P32 is given in Equation 5.1 (after Mauldon, 1994), where ϱ
is the least angle between sampling direction and the mean of fracture orientation,
and fb is the probability density factor.
1=C23 = a sin(bϱ-dπ=2) + c (5.2)
a = 0:1064ln(κ) + 0:0351; b =  0:1356ln(κ) + 2:1745
c =  0:0771ln(κ) + 0:8112; d =  0:1297ln(κ) + 1:0783
As the method is based on the stereological analysis, solution for the conversion
factor (C23) also accounts for the dispersion level (κ) of fracture orientations and the
direction of measurements (ϱ) (Equation 5.2). This is shown in the inverse integral
of the conversion factor (C23). P21 transformation results from the outcrops in the
Latemar platform show a wide range of volumetric fracture intensity (P32) values.
The average P32 is around 3 fractures per meter with maximum value reaches ~9
fractures per meter (Figure 5.2c).
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5.3 Fracture modeling workﬂow and setups
Figure 5.3 describes the overall workﬂow adopted in constraining fracture popu-
lation for the reservoir-scale model. In the ﬁrst step, various fractures’ statistical
parameters were cross-plotted to investigate the presence of fracture domains. Each
fracture domain is deﬁned as a part within the carbonate platform that delineates
regions containing fractures with generally similar characteristics (size, distribution
and termination patterns). In this step, factors controlling the fracture population
were investigated to observe the relationships between fracture patterns and other
geological parameters. Fracture models were then generated exclusively for each
fracture domain, here described as the sector models. The characteristics of the
fracture network, i.e. input parameters, were then extracted from the results of sta-
tistical analysis independently for each domain, including fracture intensity (P33),
fracture size distribution and fracture orientations.
In this study, fracture modeling was done by applying the discrete fracture
network (DFN) method (Dershowitz and Einstein, 1988) to realistically model the
fracture geometry and distribution. For this purpose, FracmanTM application has
been implemented for fracture model realizations and a calculation on fractures’ hy-
draulic properties or upscaling. To maximize the eﬃciency during the computation,
the dimension of each model is mainly determined based on the characteristics of
the fracture size. The resulting model is measured around tens of meter wide and
tall, much smaller than a typical reservoir-scale model. With such a small volume,
the computation was generally fast which enables hundreds of fracture realizations
and upscaling processes. Multiple realizations are particularly important to ac-
count for various uncertainties, such as the stochastic approach during fracture
generation and various unconstrained parameters. In contrast with a reservoir-
scale model, the ﬂexibility in performing multiple realizations and upscaling is very
limited. In the last step, results from upscaling were then populated over the en-
tire reservoir model, guided by the distribution of each fracture domain within the
reservoir body.
Figure 5.3: General workﬂow in fracture modeling and upscaling.
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5.3.1 Fracture domains in the Latemar platform
Fracture analysis performed in the Latemar platform (Boro et al., 2012; Chapter 2)
indicates that fracture characteristics are strongly aﬀected by the ﬁrst order sedi-
mentological properties. A cross-plot between fracture intensity (P32) and fracture
size in Figure 5.4 indicates a distinctive relationship in diﬀerent sedimentological
domains. The general trend indicates that fracture intensity values decrease to-
wards tall fractures. The data points from diﬀerent sedimentological domains are
somehow clustered with a distinctive relationship between the fracture intensity
and the fracture size. Fractures in the slope domain are typically low in intensities
(~0.5 m-1), but are taller compared to the other domains. In the platform interior,
fracture intensities are notably higher, ranging from 1-5 m-1, and correspondingly
their size are signiﬁcantly smaller compared to those in the slope domain. The char-
acteristics of fractures in the margin are poorly constrained from two outcrops. The
analysis shows that fractures in the margin domain are typically larger than those
in the platform interior with moderate fracture intensities. In fracture corridors,
fracture intensities are extremely high, > 6 m-1, and fractures are medium in size.
More detailed analyses in the platform interior also indicate that the sedimentary
layers exert only limited control on fracture patterns (Chapter 2). Fractures are
mostly arranged within units that consist of several sedimentary layers with similar
fracture density. In general, fracture spacing increases with the unit thicknesses,
and units that contain more grain-supported layers (grainstone-packstone) are more
fractured than those of mud-supported dominant (wackestone). Therefore, it is
crucial to estimate the relative distribution of the dominant lithology, i.e. the grain
content, within the platform interior.
In a simpliﬁed depositional model of platform interior (Figure 5.5a), the grain
content generally increases when moving from the inner lagoon towards the margin
(e.g. Egenhoﬀ et al., 1999). Such generalization then serves as an approximation
for the distribution of fracture units of diﬀerent dominant lithologies, where mud-
supported fracture units are more pronounced in the deepest part of the lagoon
while grain-supported units are more dominant in the area close to the platform
margin (Figure 5.5b). To derive such classiﬁcations, outcrops in the platform inte-
rior were ﬁrst diﬀerentiated into several facies associations, i.e. grainy facies, muddy
Figure 5.4: Relationship between fracture size distribution and fracture intensity (P32) in
diﬀerent domains: ﬁgure a) and b) are for the ENE-WSW and NNW-SSE sets respectively.
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Figure 5.5: Conceptual model of facies distribution inside the platform interior (after Egenhoﬀ
et al., 1999) (a) and the typical stratigraphic compositions associated with each facies (b).
facies and mixed facies. The proportions of grain-supported layers were then com-
pared with those of mud-supported layers within a 10 m interval. Outcrops with
> 50 % grain-supported layers were classiﬁed as grainy facies and vice versa for
muddy facies. The mixed facies was characterized by a nearly 50-50 proportion
between the grain-supported layers and the mud-supported layers. Fracture units
from the same facies were then grouped and then compared for further analysis.
For this purpose, the P32 estimation was done for each fracture unit.
The results are shown in Figure 5.6. The clustering of data points is clearly
evident from the plot. The fracture units from diﬀerent facies are characterized by
distinctive relationships between the fracture size and the fracture intensity (P32).
In general, fracture units in grainy facies are characterized by higher intensities
and shorter fractures compared to those of muddy facies. Fracture intensities in
the mixed facies are typically low, and the fracture heights vary for diﬀerent sets.
The analysis based on diﬀerent sets also exhibits some diﬀerences, where ENE-WSW
Figure 5.6: The relationship between fracture height and fracture intensity (P32) at fracture
unit scale for diﬀerent facies associations: Plots a) and b) are for the ENE-WSW and the NNW-
SSE sets respectively.
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Figure 5.7: Representative fracture domains in the Latemar platform.
trending fractures contain much taller fractures than those of NNW-SSE trending
set, despite the similarity in the range of fracture intensity values. The general
trend in the data points indicates that fracture intensity decreases towards large
fractures, consistent with the analysis from the outcrop-scale dataset in Figure 5.4.
The overall results clearly indicate that fracture domains in the Latemar platform
are aﬀected by the ﬁrst-order sedimentological heterogeneities and the structural
positions. Based on the analysis presented before, nine diﬀerent fracture domains
are evident in the Latemar platform (Figure 5.7). In general, they are grouped
based on the sedimentological domains and structural positions, i.e. background
fractures and fracture corridors.
5.3.2 DFN parameterization
In deﬁning the dimension of each sector model, the maximum size of the fractures
was used as the preference. This was done in order to capture the fractures of
diﬀerent sizes observed in each domain while maximizing the eﬃciency during the
computation. For this purpose, sector models within the slope and margin domains
were set to 20 m high to capture the presence of fractures up to ~15 m. Fractures in
the platform interior are typically less than 10 m tall, thus the height of the model
was set to 10 m high. The lateral dimension (width and length) of each sector was
set to 20 m x 20 m to optimize the computational process in this study. In real
cases, the lateral dimension of the model should be adjusted according to the cell
size in the ﬁnal reservoir model.
The characteristics of fracture networks for each fracture domain, namely the
fracture intensity, size and orientations, were then extracted from the results of
outcrop analysis and used as the input parameters for the DFN modeling. The
overall values for diﬀerent input parameters are given in Table 5.1 and are referred
to here as the base case scenario. To narrow the range of input values, an average
value of each DFN parameter was chosen to represent the whole range. For sector
models in the platform interior (i.e. grainy, muddy and mixed facies), the average
thickness of fracture units was chosen to constrain the fractures of < 3 m tall. Larger
fractures, 5-10 m tall, were populated randomly inside the model at lower intensity.
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Table 5.1: DFN input parameters for all fracture domains in base case scenario. Parameters
with bold letters are subjected to sensitivity analysis as they are poorly constrained from the
outcrop analysis.
No stratiﬁcation was included in the slope and margin domains, as the sediments
are massive and fractures are distributed randomly over the entire domain. With
the two fracture sets observed in the Latemar platform are perpendicular to each
other, the mean orientation of the NNW-SSE trending fractures is parallel to the
y-axis, while the mean orientation of the ENE-WSW set is parallel to the x-axis.
5.3.3 Modeling strategy
The range of fracture intensities measured from the outcrops is typically higher
than those observed in subsurface reservoirs. In this study, we adopted a fracture
intensity in all domains which is 10 % of the actual value in all fracture domains
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and fracture units (Table 5.1). The resulting P32 values are comparable with those
observed in the subsurface carbonate reservoir of Tengiz platform (< 1 m-1) (Narr
et al., 2008). During the realizations, the intrinsic permeability of each fracture
was estimated by adopting a “cubic-law” approximation (e.g. Whiterspoon et al.,
1980; Agar et al., 2010). In this approach, the permeability of each fracture is
calculated on the basis of the fracture aperture value (a) as shown in Equation 5.3.
Multiple realizations were then conducted for each sector model by adopting the
Oda’s method (Oda, 1985) to calculate the eﬀective permeability. Each sector model
consists of one grid cell to allow a direct implementation in populating the reservoir
grids. The results from each sector domain were grouped and compared against
each other to investigate the impact of fracture network characteristics on ﬂuid ﬂow
behaviors.
k =
a2
12
(5.3)
From statistical analysis, values for most parameters in DFN modeling are typi-
cally ranged for certain magnitudes. A series of sensitivity analyses was then con-
ducted to investigate their impacts of such parameters on the upscaled hydraulic
properties. For this purpose, we focus on the variation of fracture unit thicknesses,
the height-to-length ratio (fracture shape), the dispersion of fracture orientations
and the fracture-aperture setting, while other parameters were kept similar to the
base case scenario. In total, we have upscaled 4200 diﬀerent fracture models,
covering diﬀerent fracture domains and various sensitivity analyses.
5.4 Results: Fracture network analysis
5.4.1 Base case scenario
The upscaling results from the base case scenario are given in Figure 5.8. In gen-
eral, the eﬀective permeability of the fractures varies for diﬀerent fracture domains,
underlining the role of fracture-network characteristics in partitioning the ﬂuid ﬂow
paths within the reservoir.
In the background fractures, the eﬀective fracture permeability values for do-
mains inside the platform interior (grainy, muddy and mixed facies) are signiﬁ-
cantly higher than those in the slope and margin (Figure 5.8a). Grainy facies have
the highest eﬀective fracture permeabilities in both horizontal axis, > 10-8 m2 along
the x-axis, and it is > 40 x 10-11 m2 in y-axis. The eﬀective fracture permeability in
horizontal axes decreases gradually inside the muddy and mixed facies. Despite the
diﬀerences in fracture-network characteristics, the eﬀective fracture permeabilities
in margin domain cover a similar range to those in the mixed facies. The slope
domain accounts for the lowest eﬀective fracture permeabilities (~ 1 x 10-12 m2). A
similar trend is also valid for the eﬀective permeabilities in the vertical axis (Kz), but
at diﬀerent magnitudes (Figure 5.8c).
Results from the fracture corridor are signiﬁcantly diﬀerent (Figure 5.8b, d).
The eﬀective fracture permeability values are considerably higher than those in the
background fractures and show no diﬀerentiation throughout diﬀerent sedimento-
logical domains. In general, the eﬀective fracture permeabilities in the x-direction
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Figure 5.8: Upscaling results: eﬀective fracture permeability in horizontal axes (Kx and Ky)
for background fractures (a) and for fracture corridors (b). Plots c) and d) show the relationship
between eﬀective fracture permeability in the vertical axis (Kz) and in the horizontal axis (Kx)
for background fractures and for fracture corridors respectively.
are more than twice higher than in the y-direction. In the slope, the eﬀective frac-
ture permeability of fracture corridor is three-order of magnitudes higher than the
background fractures.
The upscaled permeability results clearly indicate an anisotropic permeability
ﬁeld with a strong preferential direction for ﬂow. From the upscaling results, ef-
fective fracture permeability in the x-direction is typically more than two orders of
magnitude higher than in y-direction. Such a pattern is observed both in back-
ground fractures and fracture corridors (Figure 5.8a, b). The eﬀective fracture
permeabilities in the vertical direction (Kz) are similar to those in the horizontal
Figure 5.9: Schematic fracture permeability ﬁeld across diﬀerent domains of the Latemar
platform.
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direction along the x-axis (Figure 5.8c, d). Figure 5.9 shows the schematic per-
meability ﬁeld throughout diﬀerent fracture domains. The general orientations are
similar throughout diﬀerent domains, but their magnitude decreases when moving
from the muddy part of the platform interior towards the slope domain.
The impacts of diﬀerent fracture-network characteristics are also evident from
the eﬀective fracture porosity (P33) (Figure 5.10). Fractures in the grainy facies
have the highest eﬀective porosities while the slope accounts for the lowest values
(Figure 5.10a). In general, the eﬀective porosity is linearly related to the eﬀective
permeability in the horizontal direction along the x-axis (Figure 5.10b). Such a
behavior is comparable with the applied fracture-aperture setting, where fracture
set that is parallel to the x-axis has the widest aperture values.
Figure 5.10: The relationship between the horizontal permeability (Kx) and the eﬀective
fracture porosity (P33) for the background fractures (a) and fracture corridors (b).
5.4.2 Sensitivity analysis
To better compare the results from the sensitivity analysis, we have calculated a
parameter C, deﬁned here as the ratio between the results from sensitivity analysis
(A’) over the base case scenario (A) (Equation 5.4). The median value of the overall
results has been chosen to represent the overall range of values. The ratio is then
calculated for both the eﬀective permeability tensor (Kx, y, z) and eﬀective porosity
(P33) in diﬀerent fracture domains.
C =
A
0
(median)
A(median)
(5.4)
5.4.2.1 Variation in fracture unit thicknesses
Fractures inside the well-stratiﬁed platform interior are arranged within a fracture
unit of diﬀerent thicknesses. In the Latemar platform, the thickness of fracture
units is ranged from tens of centimeters up to few meters. In the base case scenario,
the average fracture-unit thickness has been used to constrain the fractures of <
3 m tall. The resulting fractures are homogenous in terms of their geometry and
their intensity throughout the stratigraphic levels. For the sensitivity analysis, the
fracture population in the model was constrained by the minimum and maximum
thicknesses, determined from the fracture height distributions (see Figure 5.6 for
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Figure 5.11: Results from the sensitivity analysis on fracture unit thicknesses (a), changes in
fracture shape ratio (b), increase in dispersion level (c), and changes in fracture aperture setting
(d). The comparison with the base case scenario is indicated by the C ratio values, calculated
based on the average value for the fracture’s eﬀective permeability tensor (Kx, y, z) and the
fracture porosity (P33) (indicated by lines of diﬀerent colors) in diﬀerent fracture domains.
detail information). With this setup, the size and the intensity of the fractures vary
according the fracture unit thickness.
The upscaling results from diﬀerent fracture unit thicknesses indicate C ratio
values that are close to one. In this case, the eﬀective fracture permeabilities and
porosity results are similar to those from the base case scenario (Figure 5.11a).
The results suggest that the upscaling processes do not account for the detailed
positions and the arrangement of the fractures within the model. In general, the
average value of fracture attributes, e.g. fracture intensity (P32) and fracture sizes,
are suﬃcient to represent the bulk fractures’ hydraulic properties.
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5.4.2.2 Fracture length: the role of fracture shape
The fracture database from the Latemar platform contains a full description of
fracture sizes on the basis of fracture heights. Information on fracture lengths,
however, is generally absent, preventing a detailed characterization on fractures’
3D geometry. In the base case scenario, the length of all fractures is assumed to be
equal to their height, i.e. fracture shape ratio of 1:1. For the sensitivity analysis,
we explore the eﬀect of increasing fracture lengths to ﬁve times the fracture heights
on the upscaling results.
The calculation results indicate only small diﬀerences with those from the base
case scenario (Figure 5.11b). Similar to the fracture-unit thickness test, the C ratio
values are typically close to one for all the hydraulic parameters in diﬀerent fracture
domains. This result indicates that the shape of the fractures is less important in
the upscaling process, especially when the fracture sizes are well constrained.
5.4.2.3 Variation on the dispersion level of fracture orientation
The orientation of the fractures in the Latemar platform exhibits a wide range of
dispersion level (dimensionless), ranging from 20 up to 160. In the base case
scenario we set the dispersion of both fracture sets at relatively low level similarly
in all fracture domains. For the sensitivity analysis, a higher dispersion level was
applied to both fracture sets with κ values at half of the base case scenario in all
fracture domains.
The eﬀective permeability and porosity results from higher dispersion level, how-
ever, do not show signiﬁcant diﬀerences from the base case scenario (Figure 5.11c).
The C ratio indicates values that are nearly equal to one with only minor diﬀer-
ences in some domains. This result indicates that the dispersion level also has less
inﬂuence on eﬀective permeability and porosity calculations.
5.4.2.4 Changes in fracture aperture values
To test the role of fracture aperture, the aperture settings for the two sets in the base
case scenario were exchanged. In sensitivity analysis, the apertures of NNW-SSE
trending fractures (parallel to y-axis) are larger than those of ENE-WSW trending
set (parallel to x-axis).
The upscaling results from the aperture test are signiﬁcantly diﬀerent (Figure
5.11d). The eﬀective fracture permeabilities in the x-direction decreased for more
than one order of magnitude from the base scenario, except in slope where the
diﬀerences are less pronounced. In y-direction, the eﬀective permeabilities generally
increased for more than one order of magnitude. The vertical eﬀective fracture
permeability (Kz) and fracture porosity (P33), however, show only small changes over
the base case scenario. These results clearly indicate the role of fracture aperture
in deﬁning the permeability ﬁeld. For subsurface reservoirs, the results underline
the importance of detailed fracture aperture measurements and characterizations,
to investigate the main factors that govern the aperture distribution.
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Figure 5.12: a) Deﬁnition of a fracture cluster at various domains, black boxes indicate the
range of total fractures generated for each sector model, while white dots indicate the minimum
amount of interconnected fractures for cluster analysis, b) fracture cluster size comparison
between diﬀerent domains and diﬀerent parameters settings.
5.4.3 Fracture cluster analysis
In subsurface reservoirs, interconnected fractures serve as a backbone for the ﬂuid
ﬂow (e.g. Moinfar et al., 2011) and provide the connectivity between grid-blocks in
the reservoir model. The extent of interconnected fractures, here described as a
fracture cluster, simply depends on the characteristics of the fracture network, i.e.
fracture intensity, orientation, number of fracture sets and geometry (e.g. Balberg
et al., 1991; Gillespie et al., 1993; Odling et al., 1999; Ghosh and Mitra, 2009).
In this study, the cut-oﬀ value in deﬁning a fracture cluster is set diﬀerently
for each domain. This was done to account for variations in fracture intensity
and fracture sizes (Figure 5.12a). In the slope domain, for instance, fractures are
large with very low intensity and therefore relatively small numbers of fractures.
In the grainy facies, however, the generated fractures are typically on the order of
thousands due to higher fracture intensity and small fracture size. In this study, the
deﬁnition of fracture cluster was set at > 10 % of total fractures. For the analysis,
the volumes of fracture clusters were quantiﬁed and normalized against the total
volume of the model for each realization. The results from diﬀerent domains were
then compared to each other, to infer the role of various fracture parameters on the
connectivity.
Figure 5.12b indicates the overall results of fracture cluster analysis in diﬀerent
domains. In the base case scenario, the size of the interconnected fractures occu-
pied only ~55 % of the total volume for the majority of fracture domains, except
in muddy facies. A high fracture intensity of large fractures in the muddy facies
has contributed to an excellent connectivity up to 85 %. Cluster sizes in the grainy
facies and margin domain are comparable, despite their diﬀerences in fracture net-
work characteristics. In mixed facies and slope domains, the combination of large
fractures and low fracture intensity results in much smaller fracture cluster sizes.
In fracture corridors, the size of the cluster is generally small which is expected, as
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the interconnected fractures are concentrated only at particular zone.
Applying a diﬀerent fracture-aperture setup does not provide signiﬁcant changes
on the cluster size. In general, clustered fractures in diﬀerent domains have similar
sizes with those from the base case scenario. A signiﬁcant increase in a cluster
volume is observed when the length of the fractures is increased to ﬁve times their
heights. The results indicate an increase of more than 20 % in the size of fracture
cluster in all the fracture domains. Such results clearly underline the role of fracture
shape in aﬀecting the connectivity between fractures, and between reservoir grids.
The results from the higher dispersion level also show a signiﬁcant increase in
the size of interconnected fractures, although at lesser magnitude, 10-15 % over the
base case scenario. In fracture corridors, for instance, the size of interconnected
fractures has increased for > 5 % from the base case scenario similarly in majority
of the domains. Such a result shows that highly dispersed fracture orientations will
enhance the fracture connectivity and therefore improve the grid-cell connectivity.
5.5 Dual porosity/permeability simulations
5.5.1 Reservoir model construction
For ﬂuid-ﬂow simulations, the reservoir model of the Latemar platform was con-
structed based on the 3D model used in the geomechanical analysis in Chapter 4.
Here, some important aspects are highlighted, especially in capturing the distribu-
tion of facies associations and fracture domains inside the Latemar platform.
The overall shape of the model is inspired by the facies architecture and the
present-day topography of the Latemar platform (e.g. Egenhoﬀ et al., 1999; Em-
merich et al., 2005a; Preto et al., 2011). The pre-erosion geometry of the Latemar
was then extrapolated based on the regional and sedimentological studies, which
include the constrains on the overall growth pattern (Bosellini, 1984), the platform
thickness (Emmerich et al., 2005a) and the characteristics of slope sediments, i.e.
Figure 5.13: a) 3D reservoir model of the Latemar platform, b) stratigraphic units (after
Egenhoﬀ et al., 1999), c) facies model of the Latemar platform. The vertical scale of the model
is exaggerated 4 times.
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angle of repose and asymmetric pattern (Kenter, 1990; Harris, 1994; Egenhoﬀ et al.,
1999; Emmerich et al., 2005a). The dimension of the Latemar reservoir model is
approximately 3.5 by 5 km, with a total thickness of 800 m (Figure 5.13a). The
whole 3D model was then imported inside the reservoir modeling application, i.e.
PetrelTM, to deﬁne the overall grid blocks and the facies distribution. To limit the
total number of grids to a manageable, the size of each grid block was set at 100
m x 100 m for the length and width, while the grid thickness was set at 10 m. The
ﬁnal reservoir model comprises more than 450000 grid cells.
Six diﬀerent ﬁrst order stratigraphic units of the Latemar platform were then in-
serted into the reservoir model (Egenhoﬀ et al., 1999) (Figure 5.13b). The thickness
of each stratigraphic unit was extracted from the study of Emmerich et al. (2005a).
The distribution of diﬀerent facies associations inside the platform was then detailed
for each stratigraphic unit by adopting a simpliﬁed depositional model of an isolated
carbonate platform (e.g. Egenhoﬀ et al., 1999) (Figure 5.13c). In the model, the slope
domain was characterized only by one facies, as its sedimentology is relatively ho-
mogenous with very coarse grain sediments and often brecciated (Harris, 1994). The
margin was divided into two diﬀerent facies associations, diﬀerentiating the bound-
stone from the grainstone formation. In the platform interior, the facies association
was governed by the grain content. In the area close to the margin, grain supported
sediments are dominant with the present of tepee formations, while muddy facies
dominates the deepest part of the lagoon. The mixed facies marks the transition
between muddy to grainy facies in platform interior. The proportion of each facies
inside the stratigraphic units was approximated from the study of Egenhoﬀ et al.
(1999) and Amour et al. (personal communication, 2011).
5.5.2 Parameterizations and modeling scenarios
5.5.2.1 Hydraulic properties
Fracture analysis in the Latemar platform has indicated the presence of diﬀerent
fracture domains (see section 5.3.1). Ideally, a diﬀerent geologic model is needed to
detail the distribution of each fracture domain within the model (Yose et al., 2001;
Meurer et al., 2005). In the case of the Latemar platform, such separation is not
necessary as fracture domains are mainly governed by the sedimentological prop-
erties, i.e. facies association. To populate the reservoir model with the fractures’
hydraulic property, the upscaling results from the fracture modeling were then in-
serted according to the facies type, i.e. slope, margin, grainy facies, mixed facies
and muddy facies. The platform margin was considered as one fracture domain,
despite the presence of two diﬀerent facies types.
The hydraulic properties for matrix are generally governed by the lithology, i.e.
facies associations (Burchette and Britton, 1985; Hollis, 2011; Al Balushi et al.,
2011). For the purpose of this study, a generic dataset for matrix permeability
and porosity of diﬀerent facies was extracted from a forward modeling application,
CARB3DTM, (F. Whitaker and G. Felce, personal communication 2011) (Figure 5.14).
In summary, massive grainstone in slope facies tends to have high permeability and
porosity, similar to those of boundstone and grainstone formations in the platform
margin. Sediments in platform interior are generally ﬁner than those in the slope,
therefore, the permeability and porosity were set at much lower values. Matrix
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Figure 5.14: Inputs for matrix hydraulic properties of diﬀerent facies associations, a) porosity
(in fraction) and b) permeability (mD).
Table 5.2: Fluid ﬂow scenarios.
hydraulic properties are set to be isotropic in all directions, except in grainy facies
where the presence of tepee formations reduces the vertical permeability. For this,
the vertical permeability (Kz) in grainy facies was set at 10 % of the horizontal
permeability (Kx, y).
5.5.2.2 Simulation setups and strategy
The whole reservoir grid was imported to a streamline ﬂuid ﬂow simulator (3DSLTM)
to solve a dual-continuum multiphase ﬂuid ﬂow based on a streamline analysis
(e.g. Blunt et al., 1996; Thiele et al., 2010). For the simulation, the whole reservoir
model was buried at 4 km depth measured at the top of the platform. For well
conﬁgurations, an injection well was inserted roughly in the middle of the platform
and surrounded by four production wells at similar distances from the injector,
~1500 m (Figure 5.15). The entire length of the well penetrating the reservoir was
considered to be open to ﬂow.
To avoid for hydraulic fracturing, the bottom-hole pressure (BHP) of the pro-
duction wells at 4 km depth was set at 39 MPa (hydrostatic pressure gradient =
9.79 kPa/m and fracture gradient = 13.57 kPa/m). The resulting pressure gradient
between injection and production wells was 10.178 kPa/m. In the initial condi-
tion, the whole reservoir model was saturated with oil. The simulation scenarios
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then explored the eﬀect of diﬀerent ﬂuid properties and fractures’ hydraulic prop-
erties during the immiscible displacement, i.e. water (950 kg/m3) displacing oil
(850 kg/m3). Details on diﬀerent ﬂuid properties for the simulations are given in
Table 5.2. For the scenarios on fractures’ hydraulic properties, we compared the
upscaling results from two diﬀerent fracture-aperture settings during the fracture
network modeling (Figure 5.16). In the base-case parameters or fracture aperture
#1 (section 5.4.1), fractures permeability in x-direction is two magnitudes higher
than in y-direction, while it is vice versa in the sensitivity analysis or fracture aper-
Figure 5.15: Well placement setups used for the ﬂuid ﬂow simulations.
Figure 5.16: Diﬀerent setups for fractures hydraulic properties used during the ﬂuid ﬂow
simulations. The vertical scale of the models is exaggerated 4 times.
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ture #2 (section 5.4.2.4). In all the experiments, a linear transfer function has been
implemented, in which the rate of mass balance between fractures and matrix varies
linearly with water saturation in the matrix (Di Donato and Blunt, 2004).
To ensure an excellent grid connectivity, the whole domains in the platform
model were assumed to be fractured similar to the condition in the Latemar plat-
form, and the fractures’ lengths were ﬁve times longer than their heights. Fracture
corridors were not included in the model, mainly due to their sizes that are less than
100 m in length, much smaller than the size of a grid cell in the reservoir model (see
Chapter 3). In all the simulations, the matrix properties and the well conﬁgurations
were kept constant. The overall results were compared and analyzed to investigate
the role of fracture-network characteristics on reservoir productivity.
5.5.3 Simulation results: reservoir-scale ﬂuid ﬂow behaviors
To summarize the simulation results, the overall productivity was ﬁrst analyzed
based on the cumulative production through time. The analysis then focused on
the results from each individual production well, especially for water breakthrough
analysis. In this study, water breakthrough was deﬁned when the water saturation
within the production well is higher than 10 % or 0.1. In the last part, the sweep
patterns inside the reservoir were analyzed for comparison.
Figure 5.17: Cumulative reservoir production through time for diﬀerent simulation scenar-
ios. Bars of diﬀerent colors indicate the proportion of oil (dark grey) and water (light grey) in
cumulative productions.
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5.5.3.1 Reservoir productivity
The simulation results indicate that diﬀerences in fracture-aperture settings, i.e.
the permeability ﬁelds, have less inﬂuence on reservoir productivity when the oil
is favorable (Figure 5.17a, b). The cumulative productions for models with dif-
ferent fracture-aperture settings are similar, both in total production and for the
proportion between oil and water productions. Typically, the main oil production is
observed during the ﬁrst 1000 days, before water dominates the overall production
from the reservoir.
In an unfavorable oil scenario, the reservoir production is signiﬁcantly lower
than in the favorable oil (Figure 5.17c, d). After 6000 days production, for instance,
the cumulative production in unfavorable oil reaches ~2 x 109 m3, which is half
the production of reservoirs with favorable oil. Diﬀerences due to fracture-aperture
settings also become more evident in the unfavorable oil. A general comparison
indicates that the cumulative production in a model with aperture #1 setup (Figure
5.17c) is lower than the results from the aperture #2 setting (Figure 5.17d). More
detailed analysis, however, indicates that the oil production in both models are
similar, a large diﬀerence is mainly observed in the water production. When the
permeability in x-direction is higher than in y-direction, i.e. fracture aperture #1
(Figure 5.17c), water production is observed only after 3500 days, while it is around
1500 days in fracture aperture #2 (Figure 5.17d).
5.5.3.2 Water Breakthrough Analysis
To analyze the water breakthrough, water production from each production well
was normalized against its total production (oil + water) for every time step. Figure
5.18 summarizes the overall results for diﬀerent simulation scenarios.
When the oil is favorable, diﬀerences in water productivity are less pronounced
for wells in diﬀerent locations, notably in the model where the permeability in x-
direction is higher than in y-direction, i.e. aperture #1 (Figure 5.18a). In such
model, the cumulative water production in wells of diﬀerent locations is similar and
the water breakthrough occurring after ~500 days. Changing the fracture-aperture
setting results in slightly diﬀerent cumulative water production, notably in well #1
(Figure 5.18b). In this model, water breakthrough in majority of wells is occurring
after ~1000 days, while it is after 2500 days in well #1.
In the scenarios with unfavorable oil, water production in diﬀerent wells varies
and mainly related to the well position and the fracture-aperture setting. When the
permeability in x-direction is higher than in y-direction (Figure 5.18c), diﬀerences
in the cumulative water production in majority of wells is relatively small with
a water breakthrough is observed after ~1000 days of production, except in well
#1 where water breakthrough is observed after 4000 days. Changing the fracture-
aperture setting results in more dramatic diﬀerences in water production of diﬀerent
wells (Figure 5.18d). The cumulative water production for wells that are located in
the eastern sector of the reservoir, i.e. well #2 and #4, is higher than those in
the western sector, i.e. well #1 and #3. Such conditions result in earlier water
breakthrough for well #2 and #4, after 100 days, while it is after 2500-5000 days
for wells in the western sector.
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Figure 5.18: Cumulative water production through time for various well locations (indicated
by diﬀerent line patterns) and for diﬀerent simulation scenarios. A grey dashed line in each
plot indicates the cut-oﬀ value for water breakthrough.
5.5.3.3 Sweep Patterns Analysis
In dual-continuum models, ﬂuid ﬂow throughout the reservoir is divided into two
diﬀerent components, namely the matrix and the fracture components. In this anal-
ysis, the characteristics of sweep patterns of both components have been analyzed
to infer the impacts of diﬀerent fracture setups on ﬂuid ﬂow behaviors.
Figure 5.19 summarizes the sweep patterns within the matrix component. The
results indicate some diﬀerences related to diﬀerent ﬂuid properties. In general,
favorable oil is displaced more easily and results in a much wider distribution of
the injected water compared to the model with unfavorable oil. The sweep patterns
with a favorable oil have a more homogenous characteristic due to relatively fast
ﬂuid displacement (Figure 5.19a, b). It is diﬀerent with unfavorable oil, the high
viscosity of the ﬂuid provides more resistance to the ﬂow, and shows more facies
artifacts in the sweep patterns (Figure 5.19c, d). Such behaviors clearly indicate
that matrix heterogeneity has more inﬂuence with the unfavorable oil compared to
the favorable oil.
Despite the similarities in matrix properties, the sweep patterns of two diﬀerent
fracture-aperture settings vary. A general comparison indicates a slightly wider
distribution of injected water in the model with aperture-1 setting (Figure 5.19a,
c) compared to the model with aperture-2 setting (Figure 5.19b, d). Such a result
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Figure 5.19: Sweep patterns in the matrix component for diﬀerent simulation setups after
500 days. The vertical scale of the model is exaggerated 4 times.
clearly indicates that ﬂow within the matrix is also aﬀected by the presence of
fractures.
Flow patterns in the fracture-network component are signiﬁcantly diﬀerent (Fig-
ure 5.20). The distribution of injected water in fracture component is notably larger
in the lower section of the reservoir, perhaps related to the gravity force. In all
the simulation setups, sweep patterns within the fractures are homogenous with-
out any signiﬁcant deviation in the water front proﬁle. Such behaviors indicate that
ﬂow within fractures is not aﬀected by the facies heterogeneity. Diﬀerences in sweep
patterns are also evident due changes in the ﬂuid properties. In general, favorable
oil is more easily displaced, resulting in a wider distribution of water inside the
fractures compared to the unfavorable oil. Changes in the fracture permeability
ﬁeld clearly aﬀect the sweep patterns, where in the model with aperture-1 setting
(Figure 5.20a, c), the distribution of injected water is much wider than in aperture-2
setting (Figure 5.20b, d).
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Figure 5.20: Sweep patterns in the fracture component for diﬀerent simulation setups after
500 days. The vertical scale of the model is exaggerated 4 times.
5.6 Discussions: The role of fracture-network characteristics on
ﬂuid ﬂow
The results from the fracture network analysis clearly have demonstrated the role of
fractures in partitioning the ﬂuid ﬂow behaviors. In general, the fractures’ perme-
ability and porosity ﬁelds are strongly inﬂuenced by the fracture intensity (P32) and
the characteristics of fracture aperture. Domains with higher fracture intensity,
such in the platform interior, clearly have higher eﬀective fracture permeability and
porosity compared to that with a low fracture intensity domain or the slope. A sim-
ilar role is also valid for the fracture-aperture values. Changes in the permeability
ﬁeld for up to two orders of magnitude are evident from the analysis and lead to
diﬀerences in reservoir productivity and well performances.
Other fracture parameters (fracture size, fracture shape and orientations), how-
ever, have less inﬂuence in determining the fractures’ hydraulic properties. Their
importance is more pronounced in aﬀecting the fracture connectivity that inﬂuences
the overall grid block connectivity within the reservoir model. Such a behavior is
particularly evident from the fracture-network analysis in the platform interior.
While the fracture intensity is relatively similar for both grainy and muddy facies,
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the resulting connectivity in muddy facies is signiﬁcantly better because the frac-
tures are much larger than those in the grainy facies. An improvement in fracture
connectivity is also evident when fractures are longer, and their orientations are
widely dispersed. The analysis indicates an increase of > 10 % in the size of frac-
ture cluster due to changes in fracture length and dispersion level. The role of
fracture stratigraphy, i.e. fracture units with diﬀerent thicknesses, is less evident
mainly due to the upscaling process that does not account for the detail position of
each fracture, instead they considers only the average fracture intensity.
The results from ﬂuid ﬂow simulations have provided deeper insights on fac-
tors controlling the reservoir productivity. In general, the viscosity of oil has the
largest impact on reservoir productivity with low viscosity oil (favorable) is easier
to displaced compared to the unfavorable oil. Such a behavior is also evident from
the analysis in water breakthrough and sweep patterns. Well conﬁgurations are
also important in justifying the reservoir productivity. In all the simulations, well
productivity varies from one place to the other despite the similarities in their dis-
tances from the injection well. Such diﬀerences are mainly related to the diﬀerences
in fracture-network characteristics in aﬀecting the fractures’ permeability ﬁeld. The
simulations clearly indicate a preferential ﬂow directions due to the presence of
fracture networks.
5.7 Conclusion
The analysis in this chapter has clearly underlined the strength of the adopted
workﬂow in fracture modeling and upscaling. The integration of detailed fracture
characterizations in constraining the fracture distribution provides a robust model
to investigate the impacts that fractures have on ﬂow. The workﬂow presented in
this chapter enables multiple fracture realizations and upscaling that are important
to account for various uncertainties in fracture network characteristics.
The results from fracture-network analysis also provide deeper insights to the
role of fracture network characteristics in partitioning the ﬂuid ﬂow behavior inside
the reservoir. Such a behavior is particularly evident from the analysis for the
fractures in the Latemar platform. In slope domain, the eﬀective permeability and
porosity are low as fractures are typically large with low intensity. It is diﬀerent in
platform interior, higher fracture intensity andmedium size fractures result in much
higher eﬀective permeability and porosity. From the sensitivity analysis, fracture
intensity and fracture aperture have the greatest impact on permeability ﬁeld and
determine the preferential ﬂow direction. Other fracture attributes, e.g. fracture
size, fracture shape and dispersion level of fracture orientation, have limited impacts
on eﬀective fractures hydraulic properties and their impact is more pronounce in
aﬀecting the connectivity.
From the ﬂuid ﬂow simulations, the role of fracture-network characteristics is
more secondary. The largest impact is mainly related to the ﬂuid compositions. The
cumulative reservoir productivity changes more dramatically for diﬀerent oil types
compared to changes in fracture-network characteristics. The eﬀect of diﬀerent
fracture settings is only pronounce when the oil in unfavorable. From the analysis,
changes in fracture-aperture setups result in diﬀerent reservoir productivity and
well performances. Such analysis underlines the importance of detailed fracture
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characterizations for subsurface reservoirs.
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6.1 Synopsis
In this thesis, the Latemar platform (N Italy) has been studied to infer the char-
acteristics of distributed fracturing in subsurface fractured carbonate reservoirs.
The study includes the analysis of fracture data derived from ﬁeld measurements
and a 3D outcrop model, integrated with numerical modeling in geomechanics and
ﬂuid ﬂow simulations. The thesis addresses a fundamental question on how the
deformation is distributed inside a heterogeneous body such as a carbonate plat-
form. The results from each chapter provide deeper insights on the role of various
geologic parameters in aﬀecting the fracture populations and their impacts on ﬂuid
ﬂow behaviors. From the industrial perspective, understanding such fundamental
information will reduce the geological uncertainties in subsurface reservoirs and
improves the predictability of reservoir performances and economic forecasts.
In Chapter 2, a detailed geological background of the studied area has been
presented, i.e. the Latemar platform. The analysis in this chapter mainly fo-
cused on fracture characterizations from outcrop observations. Through an im-
proved technique of ﬁeld data acquisition, the study provides a complete dataset
of platform-scale fracture distributions and characteristics. In summary, fractures
in the Latemar platform are oriented in two diﬀerent orientations, trending NNW-
SSE and ENE-WSW. Fractures in well-stratiﬁed platform interior are typically < 2
m tall and spaced up to ~1 m. It is diﬀerent in massive slope and margin, fractures
are taller, > 5 m, and spacing distances are measured up to 10 m. Sedimentary
layering is less eﬀective in controlling the fracture patterns (fracture spacing and
terminations). The distribution of fractures in layered sequences is best described
by considering a fracture-stratigraphy scheme, where spacing distances are con-
trolled by the fracture unit thicknesses and the dominant lithology. Fractures of
diﬀerent sets also exhibit signiﬁcant diﬀerences in their distributions and geometric
characteristics. The results clearly highlight the temporal changes in the platform-
scale mechanical properties, where fractures are increasing in size and spacing
distances through time. Such results are also supported by fracture termination
patterns. In general, bedding becomes less eﬀective in aﬀecting the position of the
fractures through time, perhaps due to a progressive lithiﬁcation during burial.
In Chapter 3, an advanced technique in outcrop modeling, i.e. helicopter-based
LiDAR (Light detection and ranging), has been applied to investigate the structural
characteristics of the Latemar platform. The dataset covers the entire Latemar
Mountain, and it is the ﬁrst of its kind. The technology behind the LiDAR pro-
cessing allows for multi-resolution 3D visualizations, similar to Google EarthTM,
which is highly eﬃcient in terms of computing resource. Through the 3D model
of the Latemar platform, the distribution of sedimentological domains was inter-
preted based on literature studies and ﬁeld observations. The results indicate that
the Latemar platform is characterized by a distinctive 3D geometry, i.e. horse-shoe
shape. Typical for an isolated carbonate platform, the slope of the Latemar is steeply
dipping, 30° on average, and constant throughout diﬀerent parts of the platform,
creating a symmetric platform. The symmetric slope sediments is in contrast with
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the results from previous studies that indicate an asymmetric platform. The anal-
ysis also focused on the characteristics of large-scale structural features such as
fracture corridors and collapse-margin. Several large blocks of platform interior
inside the slope sediments have been mapped and characterized from the LiDAR.
Based on the stratiﬁcation patterns, the geometry of the collapse surface is typically
ﬂatten at depth or listric-shape, indicating a gravity-driven mechanism. Hundreds
of fracture corridors, i.e. zones with intense fracturing, have been identiﬁed inside
the Latemar platform. They are distributed throughout diﬀerent sedimentological
domains with constant ENE-WSW orientation, parallel with one of the fracture sets.
No lateral or vertical displacement associated with fracture corridors has been de-
tected, supporting the notion that fractures are mainly mode I. The length and
height of fracture corridors are similar, around ten times larger than their thick-
nesses. In some places, several corridors are observed to be contained within a
~20 m zone, described as a corridor-complex. On a large scale, corridor-complexes
inside the Latemar platform are aligned with the ﬁrst order structural lineaments.
Based on crosscutting relationships with volcanic dikes, the development of frac-
ture corridors is younger than the Late Ladinian (Middle Triassic) volcanism event.
Such analysis is in accordance with the role of NNW-SSE trending structures in
controlling the dolomitization during the Late Ladinian. The overall results support
the fracture timing derived from changes in fracture characteristics as described in
Chapter 2.
In Chapter 4, the role of mechanical properties and external stresses (tectonic
and overburden) in controlling platform-scale fracturing was investigated. The
study adopted a numerical analysis approach by implementing a ﬁnite element
method (FEM) in solving mechanical problems. The architecture and facies distri-
bution of the Latemar platform have been used as the reference in developing the
3D model of a carbonate platform (Chapter 2 and 3). Several loading scenarios
were developed and applied to the model, mimicking the subsidence process with
or without the inﬂuence of tectonic stress. From the results, the overall shape of
the platform is the most inﬂuential factor in aﬀecting the stress trajectories during
a gravity-only subsidence. Fracturing occurs after the platform has experienced
signiﬁcant load from the overburden, ~500 m, with the development of vertical
opening-mode fractures which orientations vary across the platform. The propor-
tion of opening mode fractures, however, is limited only in a small volume. Major
fracturing is mostly associated with shear fractures in the form of normal fault-
ing. Subsidence under the inﬂuence of tectonic stress is signiﬁcantly diﬀerent. The
platform is potentially fractured even when the platform is buried at its depositional
depth, due to high diﬀerential stress. As the platform subsides, diﬀerential stress
then decreases and, therefore, no fracturing occurs. A new deformation becomes
visible only at depth, where vertical stress (Sv) from the overburden is large enough
to overcome the tectonic stress. Stress ﬁeld under tectonic inﬂuence is character-
ized by strong alignment in stresses orientations, where the minimum horizontal
stress (Sh), for instance, is directed perpendicular to the orientation of the tectonic
stress. However, with increasing overburden, Sh will eventually becomes parallel
to the direction of tectonic stress. Such a condition potentially caused the devel-
opment of two perpendicular sets of fractures. The proportion between open and
shear fractures is controlled by the magnitude of tectonic stress. In general, < 10
136 Chapter 6
MPa of tectonic stress is needed to allow for broader distribution of opening mode
fractures.
Comparing the numerical results with the ﬁeld measurements (Chapter 2), it is
clear that fractures in the Latemar platform are of tectonic-origin. The sub-vertical
orientation of the fractures indicates that the fracturing happened at depth, where
Sv is the maximum principal stress (σ1) and preferably under the inﬂuence of low
magnitude of tectonic stress to allow vertical opening-mode fracturing throughout
the Latemar platform. Based on the diﬀerences in fracture characteristics inside
various sedimentological domains, a mechanical composition of the Latemar plat-
form is best modeled with a stiﬀ margin and platform interior, contrasting the softer
slope domain. The modeling predicts that fracturing in the Latemar platform was
ﬁrst occurred at ~300 m burial depth with a development of NNW-SSE set fractures,
parallel to the volcanic dikes and regional Ladinian compression. The perpendicular
set, ENE-WSW trending fractures, then developed at depth >1000 m, after a change
in the horizontal stress ﬁeld has occurred.
In Chapter 5, knowledge gathered from the fracture analysis in the Latemar
platform (Chapter 2) was used to develop a systematic workﬂow in fracture mod-
eling and eﬀective hydraulic property calculations. The workﬂow incorporates the
fundamental controls on fracture patterns and distributions, to detail the position
of fractures in the model. Diﬀerent from the standard practice, fracture modeling
in this study was conducted at a smaller scale models, where each model repre-
sents the fracture network characteristics of a speciﬁc fracture domain. Due to
the scale of the models, hundreds of fracture realizations are possible to account
for various uncertainties, such as the stochastic approach in fracture realizations
and various unconstrained fractures’ geometric parameters. The resulting anal-
ysis suggests that fracture intensity and fracture aperture are the crucial factors
in deﬁning the preferential ﬂow directions or permeability ﬁelds in the reservoirs.
Variations in fracture geometry aﬀect only the fracture connectivity and justify the
connectivity between grid cells in the reservoir model. To highlight the impacts of
fractures in ﬂuid ﬂow, results from the fracture modeling are then used to populate
a simpliﬁed reservoir model. A series of dual porosity/permeability ﬂuid ﬂow simu-
lations is then conducted to investigate the platform-scale ﬂuid ﬂow behaviors. The
overall simulation results clearly indicate that the reservoir productivity is aﬀected
by the characteristics of fracture networks. This is particularly evident from the
diﬀerences in water production at various well locations, despite the similarities in
their distances to the injector well. The sweep patterns in the matrix component are
aﬀected by the facies heterogeneity, in contrast with the ﬂow within the fractures.
6.2 Latemar platform as an analogue for fractured carbonate
reservoirs: A review
The overall analysis in this thesis has demonstrated how outcrop observations could
provide insights to the characteristics of distributed fractures and the internal de-
formation inside a carbonate platform body. Results from this study are particularly
useful for geological prognosis in the subsurface reservoirs with a similar setting.
However, the applicability of the results for subsurface reservoirs faced a major
challenge due to diﬀerences in diagenesis and overall geometry of the Latemar plat-
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form. Outcrops generally suﬀer from recent exhumation and weathering processes,
very diﬀerent from the subsurface reservoirs. Such external processes surely have
impacted the physical properties of the rocks in the outcrops. As a result, fractures
in the outcrop are generally more abundant than those observed in the subsur-
face reservoirs. In addition, the overall size of the Latemar platform is signiﬁcantly
smaller than the equivalent subsurface reservoirs, such as Tengiz and Kashagan
platforms (more than 10 km wide). From mechanical point of view, such diﬀerences
in the dimension and properties will have an impact on how the stress and strain
are distributed inside the carbonate platform body.
Challenged with a question on the applicability, the analysis in this thesis fo-
cused more in understanding the fundamental factors that control the reservoir’s
heterogeneity, such as fracture distribution. Through various analysis performed
on the outcroping analogue, this thesis provides a list of important geological pa-
rameters that should be considered for geological prognosis in the subsurface. For
instance, the characteristics of fractures in the Latemar platform are clearly aﬀected
by the ﬁrst order sedimentological domains, i.e. slope, margin and platform interior.
One of the important observations is that fractures tend to form a multiscale sys-
tem. Small fractures are more dominant and larger fractures, > 10 m, are rare. The
hierarchy in the fracture system exhibit good relationship with fracture spacings,
where fracture spacing increases towards larger fractures. Diﬀerences in fracture
characteristics are also evident for diﬀerent orientations. Analysis on fracture cor-
ridors clearly provides a deeper look on the internal arrangement of fractures inside
the zone. Such information will give insights on how fractures should be populated
in the reservoir model. The systematic fracture modeling performed in this study
has underlined how the information on geologic controls on fracture characteristics
might help for a better upscaling technique.
Similar approach was done for the numerical modeling in geomechanics. In
this study, a simplistic approach was applied to the model. In reality, rocks in the
carbonate platform will have much higher variability in space and their properties
could vary through time. The analysis then focused on the role of external stresses,
i.e. gravity and tectonic, and diﬀerences in bulk mechanical properties in aﬀecting
fracture populations in a subsiding carbonate platform. The results indicate that
the development of opening-mode fractures is limited at particular depth depending
on the presence and the magnitude of the horizontal tectonic stress. Diﬀerences in
mechanical properties also contribute in localizing the overall deformations. Such
observations highlight the importance of a detailed analysis on the subsidence his-
tory and paragenesis of the carbonate reservoirs. The resulting information will
provide background information on the stress history (overburden and tectonic) and
an estimation on changes in mechanical properties of the platform through time.
The resulting information is needed in order to accurately predict the deformation,
i.e. fracture distributions, inside the reservoir body.
6.3 Conclusion
Due to the brittle deformation behavior of carbonate rocks, fractures are common in
subsurface carbonate reservoirs. Such a condition becomes relevant as carbonate
rocks form major reservoirs for hydrocarbon and groundwater worldwide. Observ-
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ing fractures in the subsurface, however, is challenging, due to their sub-seismic
nature, and wellbore data does not representative for the whole reservoir body. With
limited observations, the uncertainties in estimating the overall reserve and reser-
voir performances are signiﬁcant. Therefore, fracture prediction is necessary to
capture the overall distribution and characteristics of fractures in the subsurface.
In contrast with the subsurface, outcrop provides excellent information on frac-
ture patterns and distributions. The accessibility to rocks that are similar to those
in subsurface reservoirs allows for various quantitative analysis, very useful for
fracture predictions. As observations from the outcrops are not able to capture the
entire fracture distribution, a numerical modeling in geomechanics should be inte-
grated into the prediction’s workﬂow. Such analysis requires a prior understanding
on geologic history of the reservoir, i.e. subsidence and tectonic phases. By simu-
lating geologic processes similar to those experienced by the reservoir, the overall
distribution of the fractures can be estimated. The results from both analyses, i.e.
outcrop observations and numerical modeling, are then combined to provide a list of
inputs that are important in constraining fracture populations inside the reservoir
body.
This thesis clearly has underlined the advantages of such an integrated work-
ﬂow. Outcrop observations from the Latemar platform show that fracture patterns
(spacings and geometry) are aﬀected by the characteristics of ﬁrst order sedimento-
logical domains, i.e. stratiﬁcations and lithology. Such observations are in line with
the results from numerical modeling, where external stress loading (with or with-
out tectonic) and changes in mechanical properties of sedimentological domains
aﬀect the overall fracture distributions and characteristics. Understanding how
fractures are populated inside the reservoir body is crucial for subsurface reser-
voirs. The results from ﬂuid ﬂow simulations indicate signiﬁcant diﬀerences in
reservoir productivity and well performances related to changes in fracture network
characteristics.
6.4 Research outlook
The integrated workﬂow in fracture predictions presented in this thesis has provided
insights to the characteristics of distributed fracturing developed in a km-scale ge-
ologic body and their impacts to ﬂuid ﬂow behaviors. Several improvements are
considered necessary for future research directions, regarding the ﬁeld measure-
ment technique and the numerical simulations.
Outcrop observations in the Latemar platform were acquired through an im-
proved acquisition technique that allows for a 2D description of fracture patterns
and distributions. The complete dataset, however, should be in 3D (length, height
and thickness of the fractures) which enables a direct comparison between frac-
tures in the outcrop and the strain intensity from the geomechanical modeling
or the fracture intensity (P32) in the fracture modeling. Therefore, extending the
fracture observations beyond the outcrop surface is important by implementing a
high-deﬁnition geophysical method. A comparitive study with subsurface reser-
voir should be performed, especially in characterizing the fracture corridors and
corridors-complexes. Currently, published literatures related to fracture corridors
in the carbonate reservoirs are limited.
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The numerical simulations performed in this thesis are considered suﬃcient to
provide a general overview to the deformations and ﬂuid ﬂow behaviors inside the
carbonate reservoir. More accurate modeling techniques are currently available and
should be integrated in future studies. For numerical modeling in geomechanics,
poro-elasto-plastic material should be considered in the model. This will allow more
accurate predictions to include the eﬀect of pore-pressure in aﬀecting the stress and
strain. Strain accumulation related to creeping behavior should also be explored.
Subsurface reservoirs are subjected to high vertical stress and temperature con-
ditions, which might have accumulated some deformations, i.e. fracturing. For
fracture upscaling, the discrete fracture matrix (DFM) method should be integrated
into the workﬂow to provide more accurate estimations on the upscaled fractures’
hydraulic properties.
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